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Abstract
Lymphangioleiomyomatosis (LAM) is characterized by cystic lung destruction caused by LAM cells
(smooth-muscle-like cells) that have mutations in the tumor suppressor genes tuberous sclerosis
complex (TSC) 1 or 2 and have the capacity to metastasize. Since chemokines and their receptors
function in chemotaxis of metastatic cells, we hypothesized that LAM cells may be recruited by
chemokine(s) in the lung. Quantification of 25 chemokines in bronchoalveolar lavage fluid from
LAM patients and healthy volunteers revealed that concentrations of CCL2, CXCL1, and CXCL5
were significantly higher in samples from LAM patients than those from healthy volunteers. In vitro,
CCL2 or MCP-1 induced selective migration of cells, showing loss of heterozygosity of TSC2 from
a heterogeneous population of cells grown from explanted LAM lungs. Additionally, the frequencies
of single-nucleotide polymorphisms in the CCL2 gene promoter region differed significantly in LAM
patients and healthy volunteers (p = 0.018), and one polymorphism was associated significantly more
frequently with the decline of lung function. The presence (i.e., potential functionality) of chemokine
receptors was evaluated using immunohistochemistry in lung sections from 30 LAM patients.
Expression of chemokines and these receptors varied among LAM patients and differed from that
seen in some cancers (e.g., breast cancer and melanoma cells). These observations are consistent
with the notion that chemokines such as CCL2 may serve to determine mobility and specify the site
of metastasis of the LAM cell.

Metastatic cells migrate to specific sites distant from the primary tumor growth (1) and “home”
to an appropriate environment described as “soil”, which is identified by specific soluble
chemoattractants (2,3). Metastasis of cells to specific organs appears to depend on soluble
factors (e.g., chemokines) synthesized in the target tissue (3,4), which bind to receptors on the
surface of circulating cells. Anchored neoplastic cells undergo multiple genetic and/or
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biochemical changes that favor proliferation and tumor growth (1). Recruitment to a metastatic
site depends on a cellular phenotype that includes detachment from adjacent cells and matrix,
entrance to and survival in the lymphatic or hematological circulatory systems, and successful
replication at the site of metastasis (1,5).

Chemokines and their receptors have been implicated in neoplastic tumor metastasis. Four
families of chemokines (C, CC, CXC, CX3C) are defined by locations of cysteines in their
primary structures. They are produced by cells in response to infection and are responsible for
the recruitment and homing of immune cells to sites of inflammation or injury (6). Many cells
of nonimmune origin not only have chemokine receptors, but they also synthesize and secrete
chemokines (7). Cancer cells, for example, exhibit a characteristic expression profile of
chemokines and their receptors. Metastatic breast cancer cells express the chemokine receptors
CXCR4 and CCR7, whereas malignant melanoma cells express CCR10, CXCR4, and CCR7.
Thus, cells can, to some extent, be identified by their chemokine/chemokine receptor profiles,
which appear to direct metastasis to specific organs (8).

Lymphangioleiomyomatosis (LAM),4 a rare multisystem disorder that affects primarily
women of child-bearing age, is characterized by cystic lung destruction, leading to respiratory
failure, recurrent pneumothoraces, chylous effusions, infiltration of the axial lymphatics (e.g.,
lymphangioleiomyomas), and abdominal tumors (e.g., renal angiomyolipomas) (9). LAM
occurs sporadically or in association with tuberous sclerosis complex (TSC), an inherited
disorder with variable penetrance, which results from mutations in TSC1 or TSC2 tumor-
suppressor genes (10,11). Mutations in the TSC2 gene, which encodes tuberin, are more
common in LAM cells (10,12,13). Systemic dissemination of LAM cells in a metastatic process
has been proposed (14,15) and is consistent with the finding of LAM cells in renal, lymphatic,
and lung lesions, which have identical TSC2 mutations (15), as well as the presence of LAM
cells in blood and body fluids from LAM patients (16). These observations led us to investigate
whether migration of LAM cells could be affected by chemokines.

Materials and Methods
Tissue samples and cell culture

The study group was comprised of 47 women from 22 to 59 years of age (mean 42 years) with
documented LAM. Tissues from patients were used after informed consent was obtained in a
study approved by the Institutional Review Board of the National Heart, Lung, and Blood
Institute (protocol 95-H-0186). Tissues from which cells were grown were from LAM patients
undergoing lung transplantation unless otherwise indicated.

Immunohistochemistry
For histological studies, tissues were fixed with buffered 10% formalin, embedded in paraffin,
and sections (5 µm) were stained with H&E or reacted with mAb HMB-45 (Dako), which
reacts with gp100 (diluted 1/25), the Pmel17 gene product, or Abs reactive with the indicated
chemokine or chemokine receptor (Abs against CCR1, CCR3, CCR4, CCR5, CCR7, CCR8,
CCR10, CXCR1, CXCR5, CXCR4, CCL27, and CCL28 from Imgenex, against CCR2 and
CXCR6 from R&D Systems). Tissue sections were incubated with 0.3% hydrogen peroxide
in methanol for 30 min at room temperature to block endogenous peroxidase activity. After
washing with PBS, slides were incubated with anti-chemokine and chemokine receptor Abs
(~10 µg/ml) for 2 h at room temperature. After washing, the EnVision+ systems (Dako) and

4Abbreviations used in this paper: LAM, lymphangioleiomyomatosis; BALF, bronchoalveolar lavage fluid; DLCO, diffusion capacity
of carbon monoxide; FEV1, forced expiratory volume in 1 s; LCM, laser capture microdissection; LOH, loss of heterozygosity; PASM,
pulmonary artery smooth muscle cells; TSC, tuberous sclerosis complex.
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Vectastain kit (Vector Laboratories) were used according to the manufacturers’ instructions to
reveal reaction products. For controls, primary Abs were normal rabbit or mouse IgG. The
intensity of staining was graded 0–3 for none, mild, moderate, or strong, respectively. The
scoring was based on intensity relative to the negative control. Two pathologists scored each
section in a blinded manner. The results reported are based on their consensus score. The
percentage of patients represent samples that had an intensity score of 1–3 (see Figs. 2 and 4).
A detailed list of patients is included in the supplemental material (supplemental Tables IS and
IIS).5

Chemokine levels
Concentrations of cytokines, chemokines, or other biomarkers in bronchoalveolar lavage fluid
(BALF) were measured using SearchLight proteome arrays (Pierce Biotechnology). Briefly,
samples were diluted 1/5, 1/50, or 1/100 before a 1-h incubation on the array plates that were
prespotted with capture Abs specific for each protein biomarker. Plates were emptied and
washed three times before adding to each well a mixture of biotinylated detection Abs. After
incubation for 30 min, plates were washed three times and incubated for 30 min with
streptavidin-HRP. Plates were then washed before adding SuperSignal Femto
chemiluminescent substrate (Pierce Biotechnology) and were immediately imaged using the
SearchLight imaging system. Data were analyzed using ArrayVision software.

Concentrations of chemokines were measured using SearchLight proteome arrays. CXCL16,
CCL27, and CCL28 were measured according to the manufacturer’s instructions (R&D
Systems). Concentrations of the chemokines quantified by arrays of multiplex ELISAs and
individual ELISAs were corrected for differences in lavage volumes using the epithelial lining
fluid dilution factor.

Loss of heterozygosity (LOH) analysis
DNA extracted from cells that had migrated was amplified with 1× Taq buffer, 2.5 mM
MgCl2, 300 µM dNTP mix, 33 µM random primers (15-mers; Operon Biotechnologies), and
5 U of TaqDNA polymerase (Continental Lab Products), with 50 cycles of 94°C for 1 min,
37°C for 2 min, ramping to 55°C for 3 min, and 55°C for 4 min. Five microliters of this mixture
was then added to a PCR reaction with 1× Taq buffer, 1.5 mM MgCl2, 200 µM dNTP mix,
and 1 U of TaqDNA polymerase. Samples were run on an ABI 3100 genetic analyzer (Applied
Biosystems). The D16S3395 microsatellite marker on chromosome 16 was amplified with
primer pair D16S3395 forward (5′-CTA ACC CTC AGC AGA GTT CTG-3′) and D16S3395
reverse (5′-Fam-CCT GGC AGT AAG TCC TGA AA-3′).

Chemotaxis assays
Chemotaxis was assayed in 96- or 24-well plates (Chemicon International) according to the
manufacturer’s instructions, using, respectively, 4 × 104 or 1 × 106 cells per well. Cells in
serum-free medium were placed in the upper chambers. Lower chambers contained medium
without or with 10% FBS, without or with CCL2 (PrepoTech), CCL27 (R&D Systems), or
CCL28 (R&D Systems) and, as indicated, 4 µM cytochalasin D. After incubation of plates
(~18 h), cells that migrated through filters were detached and lysed. DNA in lysates was
quantified with CyQuant GR Dye (fluorescence at 485/538 nm). To assess LOH for TSC2,
cells that had migrated were detached and washed with PBS before DNA was extracted using
the QIAamp DNA Mini kit (Qiagen).

5The online version of this article contains supplemental material.
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Cultured cell lines
Pulmonary artery smooth muscle cells (PASM) (Clonetics) and Malme-3M malignant
melanoma cells (American Type Culture Collection) were grown according to each supplier’s
instructions.

Sectioning and staining for Affymetrix oligonucleotide microarray
Snap-frozen lung tissue specimens were embedded in OCT compound (Electron Microscopy
Sciences), and serial 10-µm sections were cut from frozen sections with a cryotome (Shandon
Lipshaw). Sections were collected on RNase-free microscope slides, immediately placed on
dry ice, and stored at −80°C. Histology was monitored before laser capture microdissection
(LCM). To minimize degradation of RNA, a single tissue section was thawed for
microdissection. To prepare and stain sections for LCM, the HistoGene LCM frozen section
staining kit (Arcturus Engineering) was used according to the manufacturer’s instructions.

Laser capture microdissection
The PixCell II LCM system (Arcturus Engineering), which incorporates an Olympus IX-50
microscope, was used to collect LAM nodules. LAM cells were captured (10,000 shots per cap
for gene microarray) on a CapSure Macro Cap (Arcturus Engineering) with a 30-µm laser beam
setting (pulse, 40 mW; duration, 9 ms). The cap with captured cells was cleared of
nonspecifically adhering tissue using a CapSure clean-up pad (Arcturus Engineering). Images
were acquired using the PixCell II image archiving workstation (Arcturus Engineering) at ×10
power.

Affymetrix oligonucleotide microarray
The human U133A chip containing 22,238 genes (Affymetrix) was used for oligonucleotide
microarray. The very small amount of RNA recovered from LCM samples was purified using
PicoPure RNA isolation kit (Arcturus Engineering) according to the manufacturer’s
instructions. The quantity and quality of purified RNA were measured using Nano-Chip and
Pico-Chip systems (Agilent Technologies). Biotin-labeled cRNA (Enzo Clinical Labs) from
20 to 100 ng of RNA was used in a two-round amplification protocol of RiboAmp OA RNA
amplification kit (Arcturus Engineering). Purified cRNA (20 µg) was fragmented; 15 µg was
used to prepare the hybridization mixture for standard format GeneChip microarray. As a
quality control, both of the cRNAs before and after fragmentation were separated by
electrophoresis in 1% denatured agarose gel. Hybridization quality and array performance were
assessed by using the Affymetrix GeneChip eukaryotic hybridization control kit and test 3 chip
(Affymetrix).

Microarray data analysis
Microarray data were prepared by eliminating arrays with high scale factors. Remaining arrays
were analyzed using Affymetrix MAS 5.1 to make the present/absent call and compute array
performance. The present/absent calls and expression estimates were imported into
GeneSpring 6.1 for analyses. Replicates were averaged to identify gene expression levels that
were indicative of biological variation and not variation due to measurement processes. Due
to the number of replicates, the global error model was used to estimate measurement and
sample-to-sample variation. Significance of intergroup differences was evaluated by the Mann-
Whitney U test. The data were deposited on Gene Expression Omnibus (GEO), according to
the minimum information about a microarray experiment criteria (GEO no. GSE12027).
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CCL2 polymorphisms
Genomic DNA was prepared from whole blood with the PureGene kit (Gentra Systems),
following manufacturer’s directions, and fragments of DNA containing polymorphisms were
amplified by PCR with primers 5′-CCG AGA TGT TCC CAG CAC AG-3′ and 5′-CTG CTT
TGC TTG TGC CTC TT-3′ for A(−2578)G and 5′-TGC TGA TAT GAC TAA GCC AGG
AGA-3′ and 5′-ATC AGG GGA AAC CTC TCT CTG ATC-3′ for A(−2136)T. Genotypes
were determined by restriction fragment polymorphism analysis, using PvuII for A(−2578)G
and Bc1I for A(−2136)T.

LAM patients were matched to healthy volunteers 1:1 based on ethnicity, gender, and age (±5
years) (National Heart, Lung, and Blood Institute protocol 96-H-100). A 1:1 case-control study
was designed to compare the CCL2 promoter genotypes in LAM patients and controls by using
multinomial logistic regression in the statistical software SPSS. To correlate the lung function
(e.g., forced expiratory volume in 1 s (FEV1) and diffusion capacity of carbon monoxide
(DLCO) with different polymorphisms of CCL2, linear regression analyses (SPSS) were
performed to assess the relationships between the phenotypes and CCL2 genotypes within the
LAM population.

Results
To assess the potential role of chemokines in LAM cell migration, we compared amounts of
25 different chemokines in BALF from LAM patients and healthy, age-matched female
volunteers (Table I). Concentrations of CCL2, CCL19, CXCL1, CXCL5, CXCL11, CXCL16,
and CXCL12 differed significantly between the two groups (Table I). These data are consistent
with the hypothesis that chemokines may play a role in the motility and the recruitment of
LAM cells from other sites to the lung. Among those chemokines, CCL2, CXCL1, and CXCL5
were significantly higher in patients with pulmonary LAM.

Nodular structures in the lungs of LAM patients contain smooth muscle-like cells, termed LAM
cells, which were both spindle-shaped (Fig. 1A) and epithelioid (17). LAM cells were identified
by immunoreactivity with the mAb HMB-45 (18,19), which recognizes gp100, encoded by the
Pmel17 gene (20).

These nodular structures were microdissected for comparison with PASM and Malme-3M
melanoma cells. These cells were chosen because LAM cells appear phenotypically similar to
smooth muscle cells and contain premelanosomal structures found in melanocytes and
melanoma cells (21). Although several studies have compared biological aspects of airway
smooth muscle cells with putative LAM cells (22), it has been difficult to define an
experimental control; however, our initial experiments that compared the expression of ~4000
genes from microdissected LAM nodules with established cell lines including airway smooth
muscle cells showed that PASM were closely related to LAM cells (data not shown). Our initial
studies showed that Malme-3M contained melanosomes in their cytoplasm as well as reactivity
with HMB-45 similar to that of cells grown from LAM lungs (21,23). In contrast, other
melanoma cell lines, A2058 and CHL1, reacted weakly with the HMB-45 and contained lesser
amounts of this splice form of the PMel17 gene product (21). The relatively high level of gp100
in Malme-3M led us to use it as a cell line control.

Expression of chemokines and their receptors genes (Table II) were assessed using
microarrays. The gene probes of Table II were selected according to the chemokine and
chemokine receptor genes defined by the International Union of Pharmacology (IUPHAR)
(www.iuphar.org/about_intro.html) (24–26). In these microarrays, 79 Affymetrix probe sets
were associated with chemokines and their receptors, representing a total of 60 genes (Table
II). The discrepancy in the number of probes and number of genes arises from the design of
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microarrays, which include different probes to quantify a single assigned gene. Although the
most direct measurement of the transcript products is determined by the antisense probes,
indicated with “_at” after the identification number, other related measurements of the genes
include determination of alternative polyadenylated transcripts or alternative splice forms
indicated with “_s_at”. The probe number followed by “_x_at” designates probe sets for
multiple transcripts of related genes. Thus, it is important to identify the type of probe used for
the specific measurement of a gene or related genes.

Among those 79 probes, 18 differed significantly, representing 15 genes (false discovery rate
of 0.001), and they formed distinct clusters in nonsupervised analysis (Fig. 1B). Of those genes,
13 encode chemokines and only two (CCR1 and CXCR4) correspond to chemokine receptors
(Fig. 1B). Chemokine genes also distinguish LAM cells from Malme-3M and PASM with a
false discovery rate of 0.001 (Fig. 1C). The two chemokine receptors (CCR1 and CXCR4)
were not sufficient to group the different samples. However, statistical analysis showed that
with a false discovery rate of 0.01, five chemokine receptors represented with six probes (Fig.
1D) allowed for clustering of the different cell types. Among the five genes, four encoded
chemokine receptors genes (CCR1, CXCR4, CXCR6, and CCR10) that are present in tissue
sections of LAM patients (Fig. 2). To determine the strength of the clustering, we took the
most informative set of genes (CXCR7 (212977_at), CXCR6 (206974_at), CXCR4
(217028_at), CCR1 (205098_at and 205099_s_at), and CCR10 (220565_at) and using a
resampling method (10,000 times) it was determined that in 100% of the cases the LAM
samples were correctly clustered.

Thus, as had been found for breast cancer and melanoma cells (8), LAM cells were
characterized by a specific pattern of chemokine receptor gene expression that distinguished
them from smooth muscle and melanoma cells. Additionally, the production of chemokines
by LAM cells suggests an inflammatory response (27) (Table I).

More than 50% of smooth-muscle-like LAM cells from 30 LAM patients reacted with Abs
against the chemokine receptors CCR2, CCR7, CCR10, CXCR2, CXCR4, and CXCR1 (Fig.
2, left panel). The presence of seven other chemokine receptors was detected in <50% of the
samples. These findings are consistent with a potential role for chemokine receptors in LAM
cell function. We failed to detect a clustering of patient subgroups based on chemokine receptor
immunoreactivity (data not shown). Heterogeneity of reaction with antichemokine receptor
Abs was found among LAM lung nodules. Because receptors CXCR1, CXCR2, CXCR4,
CCR2, CCR7, and CCR10 were present more frequently than the others in LAM cells within
lung nodules, we hypothesized that chemokines such as CCL2, CCL27, and/or CCL28 might
influence LAM cell migration.

Of note, we reported previously that levels of CCL2 are influenced by loss of TSC2 function
(28). To demonstrate LAM cell migration in response to CCL2, heterogeneous populations of
cells grown from explanted lungs of LAM patients undergoing lung transplantation that
contained ~20% LAM cells (determined by fluorescence in situ hybridization analyses) were
used. Chemotaxis in response to chemokines and other agonists was quantified in Boyden
chambers (Fig. 3A). Migration of cells in response to FBS was 4–5-fold that in the absence of
serum, and it was successfully blocked by inhibition of cytoskeletal function with cytochalasin
D, confirming serum-dependent migration (29,30). As shown in Fig. 3, in the absence of serum,
CCL2 significantly enhanced migration (p = 0.041), whereas CCL27 (p = 0.172) and CCL28
(p = 0.833) were without significant effect. Additionally, cell migration in the presence of
fractalkine/CX3CL1 and stromal cell-derived factor (SDF)-1α/β/CXCL12 did not differ from
that of unstimulated cells (data not shown).
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Because a heterogeneous population of cultured cells from LAM lungs was used in these
studies, we evaluated loss of heterozygosity for TSC2, a hallmark of LAM cells, among cells
that had migrated under the different conditions. Cells from two patients that migrated in
response to CCL2 had loss of TSC2 heterozygosity, whereas those that migrated in the presence
of serum, CCL28 (Fig. 3B), or CCL27 did not. Thus, LAM cells appeared to be selectively
mobilized by CCL2.

As CCL2 was one of the factors secreted by cells with dysfunctional TSC2 (28), we investigated
its presence in LAM lung specimens from 30 patients, using Abs against CCL2, CCL27, and
CCL28 (Fig. 4). CCL2 immunoreactivity was observed on what appears to be the surface of
LAM nodules from ~70% of patients, although only ~10% of those tissues reacted with Abs
against CCL27 or CCL28 (Fig. 4). We were unable to detect CCL27 or CCL28 by ELISA in
BALF of LAM patients (Table I).

Frequencies of two polymorphisms in the promoter of the CCL2 gene were compared in LAM
patients and age- and sex-matched healthy volunteers (Table III). Both differed significantly
in the two groups with frequency of AA at positions −2578 and −2136 greater in LAM patients
than in volunteers (Table III). Combining genotypes of the two promoter polymorphisms
resulted in greater statistical significance (p = 0.002) of the difference between the LAM
patients and the healthy volunteers, with 36% of LAM patients homozygous for AA at both
promoter positions vs 22% of the control population.

To explore a functional role of these polymorphisms, we correlated them with rate of decline
in lung function (DLCO and FEV1), finding that the rate of decline in FEV1 correlated with the
polymorphism A(−2578)G (p = 0.028) with a more rapid rate of decline in those homozygous
for the A allele (Table IV). For the patients with A allele, a trend toward more rapid decline in
DLCO was not quite significant (p = 0.058). As might be expected, given its role in disease
progression, this genotype appears to be present in individuals who had been diagnosed at a
younger age (p = 0.054). All data are consistent with the conclusion that the CCL2 gene and
protein may be genetic modifiers in the development of LAM.

Discussion
Chemokines, which induce migration of leukocytes and other cells, are considered to be
synthesized largely by cells of the immune system, resulting in cell recruitment to a site of
inflammation as part of an inflammatory response (27). The function of chemokines produced
by noninflammatory cells, such as smooth muscle cells, is less clear but they may play a role
in recruitment of cells in health as well as disease (7) and affect stroma cells (31). Since
inflammatory processes appear to be required for recruitment of cancer cells (32), and LAM
nodules apparently lack inflammatory cells (33), we propose that production of chemokines
in this situation is a response to different stimuli.

Hypoxia enhances the levels of chemokine receptors (34,35), including CXCR4 that is
relatively abundant in LAM cells (Figs. 1 and 2). Patients with LAM may experience hypoxia
with exercise (36), which could augment the synthesis of chemokine and chemokine receptors.
HIFs (hypoxia-inducible factors) are master transcription factors that modulate the expression
of several genes during hypoxia (37). Loss of TSC2 function, which is characteristic of LAM
cells, through the activation of mammalian target of rapamycin (mTOR) can increase HIF-1α
(38), which could influence directly the transcription of genes (37) such as those for CXCR4
(39) and SDF-1 (40). Thus, expression of chemokines and their receptors in LAM could be
regulated, in part, by hypoxia, and thus is relevant to LAM patients with moderate or severe
disease who may experience desaturation with exercise.
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Gene expression of chemokines are regulated at the transcriptional level largely by binding of
sequence-specific transcription factors such as IFN regulatory factors (41) and GATA
transcription factor (42). Binding of these factors to specific sequences may be altered by a
single nucleotide difference, as may be the case for the CCL2 polymorphisms, which could
contribute through modulation of chemokine gene expression. Two of the several CCL2 gene
polymorphisms are in the promoter and are reported to have multiple effects on CCL2 levels.
For the A(−2578)G polymorphism, the G allele correlated with higher levels of CCL2 in
IL-1β-stimulated mononuclear cells than did the A allele (43,44), whereas individuals with the
A allele had higher plasma levels of CCL2 than did those with the G allele (45). There are other
reports of no correlation between this polymorphism and plasma CCL2 concentrations (46,
47). LAM patients had a significantly greater frequency of AA homozygosity at both sites than
did age-matched healthy volunteers, suggesting that CCL2 might be a modifier gene for the
development or diagnosis of LAM. The AA homozygotes of the A(−2578)G polymorphism
had somewhat higher (p = 0.16) concentrations of CCL2 in BALF than did AG heterozygotes
or GG homozygotes (data not shown). Perhaps greater production of CCL2 in the lungs of
individuals homozygous for the A allele of A(−2578)G results in conditions for favorable LAM
cell localization and proliferation. The association of the A(−2578)G polymorphism with a
rate of lung function decline as measured by FEV1 suggests that CCL2 could be a disease
modifier. We had reported that cells with dysfunctional TSC2 produced large amounts of CCL2
(28), and CCL2 production by LAM cells, in which TSC2 is dysfunctional, could enhance
mobilization of cells that respond to this chemokine, including LAM cells.

The high expression of inflammatory chemokines in bronchoalveolar lavage from LAM
patients (CCL2, CXCL1, and CXCL5; Table I) and the production of chemokines of mRNA
by cells from LAM nodules (Table II and Fig. 1) suggest the involvement of inflammation in
the pathogenesis of LAM. Interestingly, CCL2 and its receptor are highly expressed in a
dominant negative transgenic mouse model of Tsc2 (48). Furthermore, expression of CXCL1
by breast cancer cells (MDA-MB-231) confers on them metastatic potential (49). Finally,
growth-regulated oncogene 1 (Gro-1)/CXCL5 has been implicated in tumor progression by
causing senescence of fibroblasts that could be associated with ovarian cancer (50). In
summary, the highly expressed chemokines in the BALF of LAM patients could play roles in
cell motility, affecting metastasis and/or influencing the LAM microenvironment by altering
LAM cell-stroma interactions.

LAM has not been defined as an inflammatory disease; however, hyperplastic type II
pneumocytes (51) and the presence of bronchiolitis in 47 of 74 (~60%) patients with patients
with LAM (52) suggest that both are associated with inflammatory responses (53). LAM cell
proliferation clearly could be influenced by molecules that participate in acute or chronic
inflammation.

Renal angiomyolipomas were postulated to be a primary source of lung LAM cells (54).
Anchoring of LAM cells in the lung may require their transit via the lymphatic and/or
cardiovascular circulation (54). Identification of LAM cells in blood and other body fluids
(e.g., chylous pleural effusions) of LAM patients (16) suggested that the cells could be
disseminated in a fashion similar to that of neoplastic cells (1). Chemokines might affect not
only cell mobilization but also their homing (8,55,56). Reported studies on the effects of
chemokines on cancer cell mobilization were performed on well-characterized homogeneous
cell populations (e.g., MDA-MB-231) (8). Here, we show that the chemokine CCL2 selectively
attracts LAM cells, as defined by TSC2 LOH, from heterogeneous cell populations.

Chemokine receptors including CCR5 (57) and CXCR4 (58) have been described on smooth
muscle cells from different tissues. In diseases such as asthma (58) and atherosclerosis (59),
smooth muscle cell chemokine receptors are up-regulated. Smooth muscle cells from
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asthmatics were reported to express a specific group of chemokine receptors with different
functions (i.e., CCR2, CCR3, CCR8, and CCR5) (60), as were breast cancer cells (i.e., CXCR4
and CCR7) and melanoma cells (i.e., CCR10, CXCR4, and CCR7) (8). The patterns of
chemokine receptor gene expression in breast cancer and melanoma cells apparently differ
from those of LAM cells, where CCR10, CXCR2, CCR2, CXCR4, and CX3CR1(8) were found
most commonly. Identification of neoplastic cells within a tumor has been based mainly on
genetic abnormalities such as point mutations, chromosomal deletions, and instability of
genomic regions that could lead to loss of heterozygosity (61,62). Demonstration of loss of
heterozygosity requires a homogeneous or enriched population of cells, as is the case in LAM
cells within lung nodule (10). Detection of LOH for TSC2 in cells grown from lung explants
is not easy due to growth of multiple types of cells from lung explants. Our finding that cells
that migrated in response of CCL2 show LOH for TSC2 suggests that CCL2 could play an
important role in LAM cell movement, and thus the potential for metastasis.

Stromal cells might also be involved in LAM cell recruitment to the lung by producing specific
growth factors and/or chemokines (5). Selective attraction of LAM cells by CCL2 and CCL2
over-expression by TSC2−/− cells led us to propose a paracrine feedback loop of LAM cell
metastasis involving CCL2. Thus, CCL2 and its specific receptors (e.g., CCR2 and CCR10)
with potential roles in the pathogenesis of LAM could also represent therapeutic targets.
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FIGURE 1.
Gene expression profile of microdissected LAM cells. A, Serial sections (magnification, ×200)
of lung from one LAM patient, representative of samples from 30 patients. Left, Stained with
H&E. Arrow indicates type II pneumocytes; a proliferative area of LAM cells is shown in the
oval; square outlines vascular structure in close proximity to the proliferating LAM cells;
arrowhead indicates lymphatic-like structures. Right, Reactivity of LAM cells with mAb
HMB-45. B, Hierarchical cluster diagram of 18 probe sets differentially expressed among the
79 probe sets that represent chemokines and chemokine receptors. C, Among the 18 probe sets,
13 chemokines clustered LAM cells from PASM and Malme-3M. D, Five chemokine
receptors, that is, CXCR7 (212977_at), CXCR6 (206974_at), CXCR4 (217028_at), CCR1
(205098_at and 205099_s_at), and CCR10 (220565_at), differentiate gene expression in LAM
cells from PASM and Malme-3M cells. The probes used for clustering are indicated in Table
II.
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FIGURE 2.
Immunoreactive chemokine receptors in LAM nodules. Left, Immunoreactivity of patients
(n = 30, except for CXCR6, n = 15; see supplemental Table IS) that reacted with Abs against
the indicated receptors. CXCR6 was only determined on 15 patients. Asterisk (*) indicates the
four differentially expressed receptors as shown in Fig. 1D. Right, Representative images of
LAM cells reacted with anti-CCR2 Abs that did not react with vascular and alveolar cells or
with anti-CCR10 Ab that reacted with proliferative LAM areas, but not with vascular, normal
alveolar, or lymphatic-like structures. Abs against CXCR2 and CXCR4 reacted with vascular
endothelial cells and nuclei of type II pneumocytes as well as LAM cells, which reacted also
with anti-CXCR1 Ab that reacted only weakly with vascular endothelial cells. There was no
reaction with normal rabbit IgG.
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FIGURE 3.
Chemotactic migration and loss of TSC2 heterozygosity by cells grown from explanted lungs
of patients with LAM. After incubation for 24 h without serum, the heterogeneous populations
of cells were incubated in Boyden chambers where medium in lower chambers contained no
additions (serum-free = control), 10% serum without or with 4 µM cytochalasin D (Cy), or
CCL2, CCL27, or CCL28 (each 100 ng/ml). A, Amounts of cells (relative fluorescence units)
that had migrated through filters in 18–20 h are reported as means ± SD of values from triplicate
incubations in five experiments. B, Cells that had migrated through 24-well Boyden chambers
were detached and DNA was extracted for analysis of the D16S3395 microsatellite marker on
chromosome 16. In the top (control) chromatogram, the amplified alleles are from the DNA
of a heterogeneous population; arrows indicate two alleles of TSC2. Two alleles were also seen
in DNA from cells that migrated in response to FBS or in the presence of CCL28, but only one
was observed among cells that responded to CCL2. Results were similar with cells from two
patients.
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FIGURE 4.
Immunoreactivity of LAM cells to Abs against MCP-1/CCL2, CCL27, and CCL28. Upper,
CCL2 immunoreactivity is seen in what appears to be extracellular matrix (not within LAM
cells) of a LAM nodule as well as that of normal alveolar wall and outside of vascular structures.
CCL27 and CCL28 immunoreactivity is seen in extracellular matrix area with only weak
staining of LAM cells (magnification, ×100). Lower, Percentage of patients (n = 30) whose
lung sections reacted with Abs against CCL2, CCL27, and CCL28.
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Table I

Concentration of chemokines in BALF from patients with LAM (n = 29) and normal healthy volunteers (NV)
(n = 25)a

Chemokine NV LAM

CCL1 360 ± 80 240 ± 40

CCL2 4,710 ± 1,050 12,710 ± 3,430* (p = 0.033)

CCL3 1,510 ± 340 1,470 ± 230

CCL4 1,290 ± 360 1,730 ± 270

CCL5 420 ± 90 610 ± 90

CCL7 280 ± 60 210 ± 40

CCL8 420 ± 90 290 ± 60

CCL11 1,050 ± 380 490 ± 100

CCL13 270 ± 90 230 ± 60

CCL17 290 ± 60 290 ± 50

CCL19 1,730 ± 550 550 ± 140* (p = 0.044)

CCL20 860 ± 380 680 ± 170

CCL22 560 ± 220 460 ± 80

CCL21 1,520 ± 390 1,760 ± 410

CCL27b ND ND

CCL28b ND ND

XCL1 2,080 ± 490 2,300 ± 630

CXCL1 23,960 ± 5,000 44,900 ± 7,410* (p = 0.024)

CXCL5 4,470 ± 1,350 10,180 ± 2,440* (p = 0.047)

CXCL8 1,820 ± 270 2,630 ± 360

CXCL9 3,710 ± 840 3,790 ± 650

CXCL10 1,900 ± 580 1,260 ± 270

CXCL11 640 ± 160 270 ± 70* (p = 0.043)

CXCL12 13,910 ± 5,110 2,170 ± 660* (p = 0.026)

CXCL16 230 ± 44 123 ± 16* (p = 0.033)

a
Means of concentrations of the chemokines determined by arrays of multiplex ELISAs were corrected for differences in bronchoalveolar lavage

volumes using the epithelial lining fluid dilution factor and are reported as pg/ml with the exception of CXCL16 (ng/ml; NV (n = 22); LAM (n = 27)).

*
Significant; ND, nondetectable.

b
Determined by individual ELISA.
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Table III

Distribution of the CCL2 gene polymorphismsa

Single
Nucleotide

Polymorphism

No. (%) of Samples

LAM Normal volunteer

A(−2578)Gb

    AA 120 (57.1) 103 (49.0)

    AG 81 (38.6) 86 (41.0)

    GG 9 (4.3) 21 (10.0)

A(−2136)Tc

    AA 140 (70.7) 115 (58.1)

    AT 51 (25.8) 77 (38.9)

    TT 7 (3.5) 6 (3.0)

A(−2578)G A(−2136)Td

    AA AA 70 (35.9) 43 (22.1)

AT 36 (18.5) 49 (25.1)

TT 7 (3.6) 6 (3.1)

    AG AA 61 (31.3) 55 (28.2)

AT 13 (6.7) 24 (12.3)

TT 0 0

    GG AA 8 (4.1) 15 (7.7)

AT 0 3 (1.5)

TT 0 0

a
Samples from 210 LAM patients and 210 healthy-matched volunteers were analyzed.

b
p = 0.018.

c
p = 0.036.

d
p = 0.002.
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Table IV

Correlation of the CCL2 gene polymorphisms with lung functiona

Polymorphism Age Age of Diagnosis Rate of Decline in FEV1 (%/Year) Rate of Decline in DLCO (%/Year)

A(−2578)G

    AA 49.8 ± 0.9 (109) 39.8 ± 0.8 (105)b 3.6 ± 0.4 (99)c 3.7 ± 0.4 (99)d

    AG 51.5 ± 1.3 (73) 41.6 ± 1.3 (74) 1.9 ± 0.4 (71) 2.6 ± 0.4 (71)

    GG 51.9 ± 2.3 (7) 46.6 ± 2.1 (7) 3.3 ± 2.0 (7) 2.4 ± 0.4 (7)

A(−2136)T

    AA 51.1 ± 0.9 (133) 41.1 ± 0.8 (129) 2.7 ± 0.4 (121) 2.9 ± 0.3 (121)

    AT 49.3 ± 1.3 (49) 40.2 ± 1.3 (51) 3.3 ± 0.6 (50) 4.1 ± 0.6 (50)

    TT 49.0 ± 4.0 (6) 39.0 ± 4.2 (6) 2.1 ± 0.5 (6) 2.8 ± 0.4 (6)

a
Linear regression analyses (SPSS) were performed to assess the relationship between the phenotypes and CCL2 genotypes within the LAM population.

Ages were as of 2005. Data are means ± SEM (no. of patients).

b
p = 0.054.

c
p = 0.028.

d
p = 0.058.
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