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      Lymphangioleiomyomatosis (LAM), a rare multi-
system disorder affecting primarily women of 

child-bearing age, is characterized by cystic lung 
destruction, lymphatic involvement (eg, chylous pleu-
ral effusions, lymphangioleiomyomas), and renal angio-
myolipomas (AMLs).  1   LAM occurs sporadically or in 
association with tuberous sclerosis complex (TSC), an 
autosomal dominant disorder. The multisystem man-
ifestations of LAM are believed to result from meta-
static dissemination of abnormal smooth muscle-like 
LAM cells bearing inactivating mutations or having 
loss of heterozygosity (LOH) of one of the two tumor 
suppressor genes  TSC1  and  TSC2 ,  2   which leads to 
hyperactivation of mammalian target of rapamcyin 

(mTOR).  3,4   mTOR controls cell proliferation, growth, 
and motility.  5   Because mutations in genes encoding 
proteins upstream of mTOR and regulatory abnormal-
ities in critical cellular pathways lead to hyperactiva-
tion of mTOR, rapamycin (sirolimus) and its analogs 
are being used to treat cancers (eg, renal cell carci-
noma), hamartomas (eg, AMLs), vascular diseases (eg, 
antirestenosis following angioplasty), and allograft 
rejection (eg, immunosuppres sion).  6-8   In addition, 
rapamycin has been used to target metastatic processes 
in animals models.  9,10   

 Patients treated with sirolimus have shown improve-
ment in lung function,  8   reduction of chylous effu-
sions,  11   and decrease in the size of AMLs.  7   Although 

  Background:    Lymphangioleiomyomatosis (LAM), sporadic or in women with tuberous sclerosis 
complex (TSC), is characterized by cystic lung destruction, lymphatic involvement (eg, chylous 
pleural effusions, lymphangioleiomyomas), and renal angiomyolipomas (AMLs). The multisystem 
manifestations of LAM appear to result from metastatic dissemination of LAM cells bearing inac-
tivating mutations or having loss of heterozygosity (LOH) of the tumor suppressor genes  TSC1  or 
 TSC2 , which leads to hyperactivation of the mammalian target of rapamycin. Sirolimus slows the 
decline of lung function, reduces chylous effusions, and shrinks the size of AMLs. The purpose of 
this study was to determine the effect of sirolimus on circulating LAM cells. 
  Methods:    Cells from blood were isolated by a density-gradient fractionation system and from urine 
and chylous effusions by centrifugation. Blood cells were incubated with anti-CD45-fl uorescein 
isothiocyanate (FITC) and anti-CD235a-R-phycoerythrin (PE) antibodies, and urine and chylous 
effusion cells were incubated with anti-CD44v6-FITC and anti-CD9-R-PE antibodies. Cells were 
sorted and analyzed for  TSC2  LOH. 
  Results:    LAM cells with  TSC2  LOH were identifi ed in 100% of blood specimens and 75% of urine 
samples from patients before therapy. Over a mean duration of 2.2  �  0.4 years of sirolimus therapy, 
detection rates of LAM cells were signifi cantly decreased to 25% in blood ( P   ,  .001) and 8% in 
urine ( P   5  .003). Following therapy, a greater loss of circulating LAM cells was seen in postmen-
opausal patients ( P   5  .025). 
  Conclusions:    Patients receiving sirolimus had a progressive loss of circulating LAM cells that 
depended on time of treatment and menopausal status.    CHEST 2014; 145(1):108–112   
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(BD Biosciences). Cells from urine and chylous effusions were 
reacted with anti-CD44v6-fl uorescein isothiocyanate (clone VFF-7) 
(Invitrogen, Life Technologies Corporation) and anti-CD9-R-
phycoerythrin (M-L13) antibodies (BD Biosciences). After incu-
bation, cells were washed once in phosphate-buffered saline and 
analyzed and sorted as previously described.  14   

 Polymerase Chain Reaction Analysis of LOH 

 Genomic DNA was isolated from whole blood and unsorted or 
sorted cells with the use of the QIAamp DNA Micro Kit (QIAGEN) 
and amplifi ed at loci D16S291, Kg8, D16S3395, D16S3024, and 
D16S521 on chromosome 16p13.3 as previously described.  13,14   
Polymerase chain reaction (PCR) was performed in 10- m L mixtures 
containing 1  3  PCR Gold Buffer, 1.5 mmol/L MgCl 2 , 250  m mol/L 
each   deoxynucleoside triphosphate, 0.8  m mol/L primers, and 2 units 
AmpliTaq Gold DNA polymerase (Applied Biosystems, Life Tech-
nologies Corporation) with a Veriti 96-Well Thermal Cycler 
(Applied Biosystems) with initial denaturation at 95°C for 5 min 
followed by 35 cycles of 95°C (30 s), 55°C (45 s), and 72°C (45 s) 
and a fi nal extension at 72°C for 2 min. PCR products were ana-
lyzed on a 3100 Genetic Analyzer (Applied Biosystems). Q LOH    was 
determined by comparing the ratio of fl uorescence intensities of 
each allele in putative LAM (L) cells to that in whole blood (N) 
from the same patient with (L1/L2)/(N1/N2), where L1 or N1 is 
the minor allele and L2 or N2 the other. Q LOH  values  ,  0.5 or 
 .  0.62 were scored as LOH or retention of heterozygosity, respec-
tively, whereas no defi nite decision was made with Q LOH  values 
0.5 to 0.62. 

 Statistical Analysis 

 We used generalized linear models with repeated measures to 
compare the binary outcome variable of detection of  TSC2  LOH 
before and after sirolimus therapy and between blood and urine 
samples. A fi rst-order autoregressive structure was used to model 
the correlations in the repeated measurements. We performed a 
multivariate analysis where the combined data of both fl uid tests 
were used along with treatment time and menopausal status to 
determine factors associated with detection of LAM cells. ORs 
and 95% CIs were derived. However, the comparison of detection 
of  TSC2  LOH before and after sirolimus therapy could not be 
performed with blood samples because the detection rate of LOH 
before sirolimus therapy in these patients was 100%, so no esti-
mates could be derived. We compared differences in detection 
rates of  TSC2  LOH before and after sirolimus therapy with Fisher 
exact test. Continuous data are reported as mean  �  SEM. Two-
tailed statistical tests were used, and  P   ,  .05 was considered sig-
nifi cant. All statistical analyses were performed with the SPSS 
version 15.0 for Windows (IBM Corporation) software. 

 Results 

 Twenty-three patients with LAM who fi t the study 
inclusion criteria were enrolled between 2007 and 
2012 at the NIH Clinical Center. Baseline demographic 
and clinical characteristics are shown in  Table 1 .  Sam-
ples of blood, urine, and chylous effusions were col-
lected at NIH before and during sirolimus therapy. 
Sirolimus was prescribed by local physicians and the 
dose adjusted to maintain serum levels between 5 and 
15 ng/mL. Cells from blood, chylous effusions, and 
urine were sorted on the basis of cell surface mark-
ers (CD235a, CD45, CD44v6, CD9) that have been 

sirolimus blocks proliferation by arresting the cell 
cycle,  12   effects of sirolimus on circulating cells, which 
may be critical to metastasis and tumor dissemination, 
have not been demonstrated in human disease. Here, 
we studied the effect of sirolimus on circulating LAM 
cells found in patients with LAM.  13,14   To determine 
the effect of sirolimus on circulating LAM cells, we 
investigated the presence of LAM cells in the blood, 
chylous effusions, and urine in patients receiving and 
not receiving sirolimus therapy. 

 Materials and Methods 

 Study Design 

 Twenty-three patients with LAM were enrolled between 2007 
and 2012 at the National Institutes of Health (NIH) Clinical Cen-
ter in clinical protocols (95-H-0186; 96-H-0100) approved by the 
National Heart, Lung, and Blood Institute Institutional Review 
Board. The diagnosis of LAM was based on clinical, radiographic, 
and histopathologic fi ndings. Patients with only high-resolution 
CT scan-compatible cystic disease were not judged to have LAM, 
unless a biopsy specimen was obtained or the patients had con-
sistent clinical fi ndings (eg, TSC, extrapulmonary manifestations 
[AMLs, lymphangioleiomyomas, chylous pleural effusions, or 
ascites]). Local physicians prescribed sirolimus and adjusted the 
dose to maintain serum levels between 5 and 15 ng/mL. Samples 
of blood, urine, and chylous effusions were collected from patients 
before and after initiation of sirolimus. 

 Enrichment and Isolation of Circulating LAM Cells by 
Fluorescence-Activated Cell Sorting 

 Blood (50-75 mL) was fractionated by density-gradient cen-
trifugation on OncoQuick columns (Greiner Bio-One) as previ-
ously described.  14   Urine (500 mL) from a 24-h collection and 
chylous effusions (100 mL) were centrifuged (300 g , 10 min, 4°C). 
Enriched cells from blood were incubated for 30 min at room tem-
perature with anti-CD45-fl uorescein isothiocyanate (clone HI30) 
and anti-CD235a-R-phycoerythrin (clone GA-R2) antibodies 
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of 2.2  �  0.4 years of sirolimus therapy, LAM cells 
were detected in the blood of only three of 12 patients 
(25%,  P   ,  .001) and in urine specimens of one patient 
(8%) ( P   5  .003) ( Fig 1A ).  We were unable to detect 
LAM cells in chylous effusions from two patients 
after 1 year of treatment (data not shown), which is con-
sistent with the decrease of chylous effusions observed 
previously.  11   These data are consistent with the hypoth-
esis that sirolimus decreased the number of dissemi-
nated LAM cells. 

 We also analyzed samples from patients with LAM 
who had initiated sirolimus therapy prior to being 
enrolled in the study. In these 11 patients who had 
been taking sirolimus for about 1.0  �  0.3 years, we 
observed LAM cells in eight blood samples (73%) and 
in four urine specimens (36%). We followed these 

shown previously to identify the LAM cells in body 
fl uids and cultured lung cells  13-15   and has enabled iso-
lation of circulating LAM cells characterized by  TSC2  
LOH.  13,14   Because cells with  TSC1  or  TSC2  muta-
tions appear to be phenotypically different depending 
on location, LAM cells are more accurately defi ned 
as cells possessing a genetic alteration within the  TSC2  
or  TSC1  locus. We isolated CD235a  1  CD45  2   and 
CD235  2  CD45  2   cells from blood and CD44v6  1  CD9  1   
and CD44v6  2  /C9  2   cells from urine and chyle.  13,14   To 
determine the presence of LAM cells, we isolated 
DNA from cell populations and tested fi ve microsat-
ellite repeats related to the  TSC2  region on chromo-
some 16 (D16S521, D16S3024, D16S3395, Kg8, and 
D16S291)  13,14   by PCR and compared the levels of each 
allele PCR product from each repeat in isolated cell 
populations with DNA extracted from whole blood. 
Sirolimus did not appreciably affect the levels of LAM 
cell surface proteins used in the isolation, and siroli-
mus did not block the ability to detect LAM cells in 
the OncoQuick fractionation (e-Appendix 1). A LAM 
cell population was identifi ed as the one with LOH 
(LOH scored as Q LOH   �  0.5). 

 Twelve patients with LAM were identifi ed before 
they started sirolimus therapy. It was determined 
that all 12 had circulating LAM cells with  TSC2  LOH 
in blood. We also identifi ed LAM cells in the urine of 
nine of the 12 patients (75%). After a mean duration 

 Table 1— Baseline Demographic and Clinical 
Characteristics of Patients With LAM  

Characteristic  Value

Age, mean  �  SEM, y
 At presentation with LAM-related symptoms 36.8  �  8.6
 At diagnosis of LAM symptoms 40.9  �  8.4
 At enrollment in the NHLBI LAM protocol 42.7  �  8.1
 At initiation of sirolimus therapy 47.2  �  10.0
 At most recent follow-up visit 49.7  �  9.3
Interval from diagnosis to initiation of sirolimus 

 therapy, mean  �  SD, y
6.3  �  6.7

Race
 White 20 (87)
 African American  1 (4)
 Asian 1 (4)
 Unknown 1 (4)
Clinical features
Tuberous sclerosis complex 4 (17)
Postmenopausal 9 (39)
History of pneumothorax 7 (30)
History of dyspnea 15 (65)
Requirement for oxygen therapy 9 (39)
Chylous pleural effusions 10 (43)
Ascites 6 (26)
Lymphangioleiomyomas 16 (70)
Lymphadenopathy 6 (26)
Renal angiomyolipoma 7 (30)

Data are presented as No. (%) unless otherwise indicated. LAM  5  
lymphangioleiomyomatosis; NHLBI  5  National Heart, Lung, and Blood 
Institute.

  Figure  1. Time-dependent effect of sirolimus therapy on detec-
tion of circulating cells with  TSC2  LOH in blood and urine speci-
mens from patients with lymphangioleiomyomatosis (LAM). 
A, Signifi cant decrease in detection rate of LAM cells with  TSC2  
LOH in blood and urine from 12 patients receiving sirolimus 
therapy with a mean follow-up of  2 0.6  �  0.3 to 2.2  �  0.4 y. 
B, Detection of LAM cells with  TSC2  LOH decreased more rap-
idly in urine samples than in blood samples within 1 y of sirolimus 
therapy. LOH  5  loss of heterozygosity  .   
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intervention ( P   ,  .001); the loss of circulating LAM 
cells was most marked in postmenopausal patients 
( P   5  .025). These data suggest that sirolimus may 
reduce circulating LAM cells in a time- and hormone-
dependent manner. 

 Discussion 

 We studied the effect of sirolimus on phenotypi-
cally distinct circulating LAM cells. Patients treated 
with sirolimus had a decrease in circulating LAM cells 
in blood, chylous effusions, and urine that depended 
on time of treatment and the hormonal status of the 
patient. The LAM cells were identifi ed by LOH in 
the tumor suppressor gene  TSC2 . This assay was used 
because nucleotide polymorphisms fl anking the tumor 
suppressor gene, which were the basis for the LOH 
determinations, were shown previously to be associ-
ated with mutations in the gene.  2,16   We have shown 
in prior studies that circulating LAM cells from dif-
ferent fl uids possess distinct phenotypes based on 
antibody reactivity,  14   and we now report that siroli-
mus affects all the different types of circulating LAM 
cells. 

 Animal models for LAM support a role for estro-
gen.  17   In fact, it has been postulated that LAM cell 
dissemination and survival in the circulation could be 
promoted by estrogen.  17   On the other hand, patients 
with LAM are treated with sirolimus because of the 
hyperactivation of mTOR as a consequence of the 
genetic alteration of  TSC2  or  TSC1   3  ; however, a rela-
tionship between estrogen and mTOR activation has 
not been defi ned. It is possible that the menopausal 
status of the patient could affect the effi cacy of siroli-
mus. In the present study, we show that following ini-
tiation of sirolimus therapy, postmenopausal patients 
are more likely to show a loss of circulating LAM cells. 

 In conclusion, the data support the hypothesis that 
sirolimus reduces circulating LAM cells and thereby 
may inhibit metastasis and block disease progression. 
It has been shown that circulating tumor cells from 
patients with breast, prostate, and other cancers are 
reduced in response to therapy.  18   The data also show 
that duration of sirolimus therapy in patients with 
LAM is associated with a decreased ability to detect 
circulating LAM cells in blood, urine, and chylous 
effusions. LAM cells appear to be cleared more rapidly 
from urine than from blood. The data on premeno-
pausal and postmenopausal women treated with siroli-
mus further support a role for estrogen in maintaining 
circulating LAM cells. The data suggest that an estro-
gen inhibitor (eg, blocking estrogen synthesis, anti-
estrogen) may be benefi cial in association with an 
mTOR inhibitor in blocking the potential for metas-
tasis and tumor progression. 

patients for about 3 years of therapy (mean dura-
tion, 2.9  �  0.6 years) and found that LAM cells were 
detected in only two blood samples (18%) ( P   5  .030) 
and in none of the urine samples ( P   5  .090). There-
fore, the ability to detect LAM cells in blood was 
lower after 3 years of treatment with sirolimus than 
after 1 year, and this trend was also apparent in urine. 

 In all patients, including those seen prior to initial 
therapy, the percentage of patients with circulating 
LAM cells diminished within 1 year after beginning 
sirolimus. Sixteen of 22 patients (73%) showed LOH 
in blood, and seven of 20 patients (35%) showed LOH 
in urine; one patient had no data for blood, and three 
had no data for urine within 1 year ( P   5  .003) ( Fig 1B ). 
The ORs of not detecting LAM cells in urine and 
blood samples 1 year after initiation of sirolimus ther-
apy was 3.41 ( P   5  .001) and 2.23 ( P   5  .001), respec-
tively. In response to sirolimus therapy, the ability to 
detect LAM cells was lost more rapidly from urine 
than from blood. In patients treated with sirolimus 
for a mean duration of 1.6  �  0.8 years, fi ve did not 
show the presence of LAM cells; after 2.8  �  0.4 years 
of sirolimus therapy, cells were not detected in 18. 
Thus, longer duration of therapy resulted in fewer 
patients with detectable circulating LAM cells. 

 To further explore the relationship among LAM 
cells, treatment duration, and other factors such as 
menopausal status, we used generalized linear models 
with repeated measurements to compare the binary 
outcome variable of detection of LOH before and 
after sirolimus therapy and between blood and urine 
samples. A fi rst-order autoregressive structure was used 
to model the correlations in the repeated measure-
ments. However, the comparison of pretreatment and 
posttreatment could not be performed in blood sam-
ples because the pretreatment LAM cell ( TSC2  LOH) 
detection rate in this cohort was 100%, so no esti-
mates could be derived. The OR for not detecting 
LAM cells in urine samples 1 year after initiation of 
sirolimus therapy was 3.41 ( P   5  .001). We have con-
tinued with the determination of LAM cells in patients 
receiving sirolimus treatment, and they continue to 
show a lack of LAM cells in blood and urine in a time-
dependent manner. 

 We analyzed the difference in detection of cir-
culating cells with  TSC2  LOH between premeno-
pausal and postmenopausal patients with LAM. In the 
untreated group of 50 patients,  14   the detection rate of 
 TSC2  LOH was similar in blood (91% vs 94%) and 
urine (69% vs 78%) between 32 premenopausal and 
18 postmenopausal patients. The current study included 
14 premenopausal and nine postmenopausal patients 
treated with sirolimus. A multivariate model revealed 
that the number of LAM cells was decreased with 
sirolimus therapy ( P   5  .038), and the decrease in LOH 
detection was correlated with duration of therapeutic 
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