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Introduction
Lymphangioleiomyomatosis (LAM) is a rare, low-grade, metastasizing neoplasm that results in progressive 
cystic lung disease and respiratory failure. Symptomatic LAM occurs almost exclusively in women. LAM 
occurs in patients with tuberous sclerosis complex (TSC-LAM) who have germ line mutations in TSC genes 
and in patients who do not have TSC (termed sporadic LAM [S-LAM]) (1) but acquired somatic mutations 
within LAM lesions. Although the source of  LAM cells is unknown, the leading hypothesis for LAM patho-
genesis is that inactivating mutations in the TSC genes (TSC1 or TSC2) occur within peripheral tissues, result-
ing in mTOR activation, loss of  growth control, and enhanced capacity for migration and infiltration. These 
LAM cells then spread via the blood and lymphatics and selectively populate the lung, causing destructive 
remodeling (2) by mechanisms that remain unclear.

The higher rates of  various cancers in immunocompromised humans and mice attests to the importance 
of  adaptive and innate immune surveillance in the protection from neoplasia (3). However, tumor cells can 
also escape immune detection in immunocompetent hosts by acquiring mutations or other alterations. The 
NKG2D (killer cell lectin like receptor K1 [KLRK1], CD314) activating receptor expressed on NK cells and 
other cytotoxic lymphocytes recognizes stressed, infected, or transformed cells that express NKG2D ligands 
(NKG2DLs) and targets them for destruction (4) by triggering cytotoxic programs (5). Engagement of  NKG-
2DLs by the NKG2D receptor induces target cell lysis (5–8) by activation of  the perforin/granzyme cell death 
pathway (9, 10) and elaboration of  proinflammatory cytokines (7, 11) and chemokines (7, 12, 13).

NKG2DL expression is restricted or absent in normal tissues but is induced in response to various 
stresses and pathological conditions. Multiple families of  structurally distinct NKG2DLs have been identi-

Lymphangioleiomyomatosis (LAM) is a rare lung disease of women that leads to progressive cyst 
formation and accelerated loss of pulmonary function. Neoplastic smooth muscle cells from an 
unknown source metastasize to the lung and drive destructive remodeling. Given the role of NK 
cells in immune surveillance, we postulated that NK cell activating receptors and their cognate 
ligands are involved in LAM pathogenesis. We found that ligands for the NKG2D activating 
receptor UL-16 binding protein 2 (ULBP2) and ULBP3 are localized in cystic LAM lesions and 
pulmonary nodules. We found elevated soluble serum ULBP2 (mean = 575 pg/ml ± 142) in 50 of 100 
subjects and ULBP3 in 30 of 100 (mean = 8,300 pg/ml ± 1,515) subjects. LAM patients had fewer 
circulating NKG2D+ NK cells and decreased NKG2D surface expression. Lung function decline was 
associated with soluble NKG2D ligand (sNKG2DL) detection. The greatest rate of decline forced 
expiratory volume in 1 second (FEV1, –124 ± 30 ml/year) in the 48 months after enrollment (NHLBI 
LAM Registry) occurred in patients expressing both ULBP2 and ULBP3, whereas patients with 
undetectable sNKG2DL levels had the lowest rate of FEV1 decline (–32.7 ± 10 ml/year). These data 
suggest a role for NK cells, sNKG2DL, and the innate immune system in LAM pathogenesis.
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fied in humans, including the MHC class I chain-related (MIC) molecules, MICA and MICB (5), and the 
UL-16 binding proteins, ULBP1, -2, -3, -4, -5, and -6 (7, 14, 15). Although expression of  NKG2DLs has 
been described in many human cancers — including melanoma, leukemia, and carcinomas of  the prostate, 
breast, lung, and colon (16) — the role of  NKG2DLs in LAM and other low-grade mesenchymal neo-
plasms has not been explored.

Shedding of  NKG2DLs from tumor cells is a well characterized “decoy” mechanism by which 
neoplastic cells escape immune detection. Soluble MICA and ULBPs are detectable in the serum of  
patients with various tumors (17) and have been shown to interfere with the recognition of  target cells 
by the NKG2D receptor. Circulating levels of  soluble NKG2DLs (sNKG2DL) are useful diagnos-
tic and prognostic biomarkers in certain cancers, as they have been shown to discriminate between 
patients with pancreatic adenocarcinoma and healthy controls (18) and have been used to predict the 
risk of  disease progression in melanoma patients (19).

Here, we examined NKG2DL expression in LAM lesions, soluble serum NKG2DLs, circulating NK cell 
phenotypes, and the association of  sNKG2DLs and disease progression in LAM. We found that the smooth 
muscle actin–expressing (SMA-expressing) LAM cells within nodules and cysts express multiple NKG2DLs 
and that sNKG2DLs were present in LAM serum. Furthermore, we show that NK cells are phenotypically 
altered in LAM patients, as measured by decreased NKG2D receptor expression on NK cells. Finally, we 
show that the presence of  sNKG2DLs is associated with a greater decline in lung function over time in LAM 
patients. These data suggest that LAM-dependent alterations in NKG2DL and the NK milieu are biomarkers 
of  lung destruction and progression, and implicate NK cells in the pathophysiology of  LAM.

Results
NKG2DL expression is restricted to LAM lesions in human lung biopsy specimens. To examine NKG2DL expres-
sion in LAM, we obtained frozen specimens obtained from the 5-year National Heart Lung and Blood 
Institute (NHLBI) LAM Registry and maintained by the National Disease Research Interchange (NDRI) 
tissue repository. These samples were stained for NKG2DLs (ULBP2 and ULBP3). Diagnostic features 

Figure 1. NKG2D ligands are expressed in lymphangioleiomyomatosis (LAM) cells in lung biopsy specimens from LAM patients. Serial diagnostic lung 
tissue sections from LAM patients were stained for the LAM cell markers HMB-45 and α-SMA, as well as for NKG2D ligands ULBP2 and ULBP3. (A) Repre-
sentative cystic LAM lesion with LAM cell aggregates adjacent to the cyst (boxed area) identified by routine H&E staining. Scale bar: 400 μm. (B) Higher 
magnification image of the boxed region in A and images of serial sections of the same region IHC stained for (D) HMB-45, (E) α-SMA, (F) ULBP2, and (G) 
ULBP3, along with (C) a representative negative control. LAM cells comprising the cellular aggregate adjacent to the LAM cyst show characteristic strong 
focal staining (red) for HMB-45, diffuse staining for α-SMA, and positive staining for the NKG2D ligands ULBP2 and ULBP3. No staining was observed in 
multiple negative control sections for all antibodies, as depicted by the representative negative control image shown. Scale bars: 20 μm (B–G). Supple-
mental Figure 1 shows representative staining in diagnostic lung biopsies from 6 additional LAM patients.
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of  LAM were confirmed in the tissue sections by histologic analysis, as well as by LAM cell immunophe-
notype, including positive staining for human melanoma black-45 (HMB-45) and α-SMA. ULBP3 and/
or ULBP2 expression was detected in LAM cells within all 7 tested lung biopsy samples representing 7 
distinct LAM patients (Figure 1 and Supplemental Figure 1; supplemental material available online with 
this article; doi:10.1172/jci.insight.87270DS1). We further examined localization of  NKG2DL expression 
with expression of  the LAM cell markers α-SMA and HMB-45. Substantial coexpression of  the NKG-
2DLs ULBP2 and ULBP3 with α-SMA was detected in LAM cells (Figure 2). In addition, HMB-45 was 
expressed in a subpopulation of  cells within the LAM lesions also expressing NKG2DLs and α-SMA (Fig-
ure 3). NKG2DL expression was not detected in regions of  the lung uninvolved by LAM lesions (Supple-
mental Figure 2), providing evidence that NKG2DL expression is associated with LAM pathology.

Increased sNKG2DLs in the serum of  LAM patients. NKG2DL expression in lung tissue may serve as 
a source of  sNKG2DL, which is associated with alterations in NK cell phenotype and disease progres-
sion in other neoplastic diseases. Therefore, we measured the serum levels of  MICA, ULBP2, and 
ULBP3 in samples from LAM patients who participated in the NHLBI LAM Registry, and we evalu-
ated correlations with their longitudinal spirometry and clinical data. Demographic data of  LAM 
patients at enrollment is shown in Table 1. We found that patients had detectable serum levels of  either 
ULBP2, (n = 33), ULBP3 (n = 12), or both (ULBP2/3) (n = 18) ligands (Figure 4, and Table 1). In con-
trast, significant levels of  soluble MICA were not found (data not shown). The serum levels of  2 addi-
tional known immune checkpoint modulators, cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) 
and programmed death-ligand 1 (PD-L1), were also low or undetectable (data not shown). Addition-
ally, serum ULBP2/ULBP3 levels and baseline to endpoint change in forced expiratory volume in 1 
second (FEV1) were not significantly correlated (ULBP2 at 30 and 48 months, r = –0.029 and –0.104, 
respectively; ULBP3 at 30 and 48 months, r = –0.264 and –0.212, respectively). In addition, there 
were no between-group differences in vascular endothelial growth factor D (VEGF-D) levels (data not 
shown) among NKG2DL expression cohorts (i.e., ULBP2, ULBP3, or ULBP2/3 present or absent; 
all patients at enrollment grouped by sNKG2DL versus VEGF-D serum levels P = 0.608; patients 
included at 48 months with enrollment FEV1/forced vital capacity [FVC] > 0.7, P = 0.187). There 
was also no significant correlation between VEGF-D serum levels and sNKG2DL levels (Spearman 
correlation coefficients between ULBP2 and ULBP3 [ρ = –0.059], ULBP2/VEGF-D [ρ = –0.202], and 
ULBP3/VEGF-D (ρ = –0.148)]. Furthermore, because menopausal status is known to have a major 
impact on disease progression in LAM, we also examined the effect of  menopausal state on NKG2DL 
expression. There was no correlation between NKG2DL group assignment (Neither, ULBP2, ULBP3, 
ULBP2/3) and menopausal status (χ2, P = 0.28).

Table 1. National Heart Lung and Blood Institute (NHLBI) patient demographics

Neither ULBP2 ULBP3 Both
All Data

n 37 33 12 18
Age 46.4 ± 8.2 46.8 ± 10.8 39.9 ± 9.3 44.6 ± 7.6
FEV1 1.9 ± 0.7 1.9 ± 0.9 2.6 ± 0.7 2.4 ± 0.9
FVC 2.99 ± 0.8 3.08 ± 0.8 3.38 ± 0.7 3.33 ± 1.1
TLC 4.79 ± 1.2 4.95 ± 1.4 4.83 ± 0.7 4.89 ± 1.5

DLCO 12.0 ± 6.0 13.3 ± 7.1 20.9 ± 4.7 14.5 ± 5.8
Sporadic 31/37 26/33 10/12 15/18

FEV1/FVC >70%
n 11 10 9 9

Age 44.0 ± 7.10 44.1 ± 10.6 38.1 ± 9.42 40.7 ± 8.25
FEV1 2.39 ± 0.40 2.50 ± 0.59 2.88 ± 0.48 2.79 ± 0.66
FVC 3.06 ± 0.42 3.17 ± 0.63 3.52 ± 0.71 3.52 ± 0.85
TLC 4.15 ± 1.53 4.82 ± 1.01 4.95 ± 0.68 5.08 ± 0.93

DLCO 17.4 ± 4.81 18.2 ± 5.45 22.7 ± 3.74 17.3 ± 5.49
Sporadic  9/11 7/10 7/9 8/9

FEV1, forced expiratory volume in one second; FVC, forced vital capacity; TLC, total lung capacity; DLCO, diffusing capacity. Data shows mean ± SD.
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NK cells exhibit reduced expression of  NKG2D in LAM patients. Due to the presence of  elevated levels of  
sNKG2DLs in the sera of  some LAM patients, we examined the phenotype of  NK cells from the peripher-
al blood of  healthy controls and 7 LAM patients recruited from the University of  Cincinnati LAM Clinic. 
Figure 5A shows a representative scatterplot of  NKG2D and NKG2C (killer cell lectin like receptor C2 
[KLRC1], CD159c) activating receptors of  a healthy control subject and a LAM patient. Changes in the 
relative abundance of  NK subsets was not due to alterations in overall levels of  either cytokine-producing 
CD56brightCD16– or cytotoxic CD56dimCD16++ NK cell subpopulations (Figure 5B). NKG2C levels trended 
toward reduced surface expression but were not statistically significant (Figure 5C). LAM patients had few-
er NKG2D+ (% positive) cells, as well as fewer NKG2D cell surface receptors (median fluorescent intensity 
[MFI]) compared with healthy controls. Figure 5D demonstrates reduced surface expression of  NKG2D 
on both CD56brightCD16–(P < 0.024) and CD56dimCD16++ (P < 0.002) NK cells of  LAM patients com-
pared with control subjects. Consistent with the reduced expression of  NKG2DL on a per-cell basis, there 
were also fewer cells positive for NKG2D in CD56brightCD16– and CD56dimCD16++ populations from LAM 
patients compared with healthy controls, (P < 0.032 and P < 0.06, respectively) (Figure 5E). Of  the LAM 
patients tested, 0 of  7 were positive for sULBP2 and 3 of  7 were positive for sULBP3, whereas none of  the 
controls had detectable quantities of  ULBP2 or ULBP3 (data not shown). Of  these patients, 4 of  7 were 
receiving either sirolimus or everolimus (Supplemental Table 1). Taken together, these data are consistent 
with reduced NKG2D expression on circulating NK cells that could implicate altered NK cell phenotypes 
in the peripheral blood in the pathogenesis of  LAM.

Expression of  sNKG2DLs is associated with lung function decline in patients with LAM. Next, we examined the 
relationship between the presence and absence of  sNKG2DL in serum and disease progression as defined 
as the rate of  decline in FEV1 over time. Pulmonary function measurements were obtained during annual 
or semiannual visits in the NHLBI LAM Registry study (20). Serum obtained on the first visit was used to 
determine the association between baseline sNKG2DL expression and change in FEV1 over 30 or 48 months 
after enrollment (Figure 6). To limit the impact of  missing data, intraindividual FEV1 data from the 24- to 
36-month visits were averaged and denoted as the 30-month FEV1, and FEV1 data from the 42–54 month 
visits were averaged and represented as the 48-month FEV1. We also separately examined the subgroup of  

Figure 2. NKG2D ligand an α-SMA localization in lymphangioleiomyomatosis (LAM) cells in lung biopsy specimens from LAM patients. (A–D and 
E–H) Immunofluorescent images show nodular LAM lesions from 2 distinct LAM patients. LAM lung tissue sections were stained for DAPI (A and 
E), the NKG2D ligands (B, green) ULBP2 and (F, green) ULBP3, as well as for the LAM cell marker (C, G, red) α-SMA. Confocal microscopy images 
show immunofluorescent localization of the NKG2D ligands (D) ULBP2 and (H) ULBP3 with α-SMA within the LAM cells comprising the nodular LAM 
lesions. Scale bars: 50 μm. The images are representative of results obtained by immunofluorescent staining of diagnostic lung biopsies from 9 LAM 
patients.
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patients with normal lung function, defined as FEV1/FVC > 70%, because biomarkers that predict disease 
progression in this category could have a pivotal impact on treatment decisions. Figure 6A shows the loss in 
FEV1 at 30 and 48 months compared with FEV1 at enrollment. Patients with baseline elevations in serum of  
both sNKG2DLs (ULBP2/3) had a greater decline in lung function over 48 months compared with patients 
who had baseline levels of  sNKG2DL below the limit of  detection in their serum (48 months, Neither, –103 
± 70 ml vs. 48 months, Both, –497 ± 120 ml, ± SEM, P < 0.002). Moreover, the presence of  both sNKG2DL 
(ULBP2/3) was associated with a significantly greater FEV1 loss at 30 months compared with patients who 
had no detectable sNKG2D in serum (30 months, ULBP2/3, –350 ± 110 ml vs. 30 months, Neither, –80 ± 

50 ml, ± SEM, P < 0.021). Patients who were positive for serum 
ULBP3 at enrollment also suffered a greater baseline to 48-month 
loss of  FEV1 compared with those who had undetectable baseline 
ULBP3 levels (48 months, ULBP3, –379 ± 50 ml vs. 48 months, 
Neither, –103 ± 70 ml,± SEM, P < 0.037). These findings suggest 
that the presence of  multiple sNKG2DLs may be a useful predictor 
of  lung function decline in LAM.

Discussion
LAM results from inherited or acquired loss-of-function muta-
tions in the TSC genes (TSC1/2). Transformed smooth muscle–
like cells arise from an unknown source, metastasize via blood and 
lymph (21), infiltrate the lung (1), and proliferate, forming nodules 

Figure 3. HMB-45 expression is present in lymphangioleiomyomatosis (LAM) cell aggregates coexpressing NKG2D ligands and α-SMA in lung biopsy 
specimens from LAM patients. (A–D and E–H) Immunofluorescent images of serial sections of LAM cell aggregates surrounding a LAM cyst stained for 
(A and E) DAPI, (B and F) ULBP2, (C) HMB-45, and (G) α-SMA. Confocal microscopy images show HMB-45 expression within a subpopulation of LAM cells 
comprising the LAM cell aggregate coexpressing the NKG2D ligand ULBP2 and α-SMA (D and H). Scale bars: 50 μm. The images are representative of 
results obtained by immunofluorescent staining of diagnostic lung biopsies from 7 LAM patients.

Figure 4. Soluble NKG2D Ligands in National Heart Lung and Blood 
Institute lymphangioleiomyomatosis (NHLBI LAM) Registry patients. 
Soluble NKG2D ligands were measured in serum of NHLBI LAM Regis-
try patients and healthy volunteers (control). Bar represents the lower 
limit of detection (LLD) for each analyte. n = 15 for controls, n = 100 for 
NHLBI samples.
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and cysts. Destructive remodeling leads to loss of  lung parenchyma and capillary beds, ultimately leading 
to disease manifestations of  dyspnea, pneumothorax, chylous effusions, and respiratory failure. The strate-
gies that LAM cells employ to evade immune detection and to drive destructive remodeling are not clear. 
Here, we report that NKG2DLs are expressed in LAM nodules and cysts, LAM patients have circulating 
NK cells with altered phenotypes in peripheral blood, and sNKG2DLs are present in the serum and are 
associated with accelerated lung function decline.

The surface expression of  NKG2DL on transformed or stressed cells results in engagement of  NKG2D 
on NK or CD8 cytotoxic T cells followed by target cell lysis. Immune surveillance by NKG2D-NKG-
D2L interactions plays a critical role in suppressing tumor initiation in mice and humans (22). Numerous 
reports demonstrate sNKG2DL upregulation and concomitant inhibition of  NK cell tumor suppression 
in various cancers and virally infected tissues (19, 23–27). Transcriptional, and pre-, and posttranslational 
mechanisms are involved in regulating the expression of  NKG2DL. Each NKG2DL (e.g., MICA, ULBP2, 
ULBP3, etc.), however, appears to be regulated independently of  the others. NKG2DLs ULBP2 and/or 
ULBP3 were present in all nodules and cystic lung lesions tested. NKG2DL expression within LAM tissue 
is consistent with the classification of  LAM as a neoplasm (2, 28). The role of  TSC1/2 mutations in the 
expression of  NKG2DL is unknown, but intersections between signaling pathways that regulate NKG2DL 
cell surface expression and PI3K/Akt/mTOR signaling known to play a role in LAM pathogenesis have 
been described in the literature. For example, EGFR signaling is enhanced in cells isolated from LAM 
lesions (29, 30), and surface expression of  NKG2DL is upregulated upon activation of  EGFR, which sig-
nals through mTOR and MEK/ERK pathways (31–33). Moreover, inhibition of  the MEK/ERK pathway 
decreases cell surface expression of  ULBP2 and ULBP3 (34), and PI3K/AKT/mTOR-dependent signal-
ing has been shown to regulate NKG2D expression (35). Taken together, these data provide evidence for 
marked crosstalk between the mTOR pathway and signaling cascades that regulate NKG2DLs, suggesting 
that TSC mutations may directly modulate NGK2DL expression.

NKG2DL shedding may play a role in LAM pathogenesis. The release of  sNKG2DL from transformed 
cells reduces the surface density of  NKG2DLs and the potential for NKG2D-mediated lysis of  target cells. 
In addition, elevated NKG2DL in the serum may bind to cell surface NKG2D and promote the internal-
ization of  the ligand-receptor pair, reducing NK cell effector functions (16, 17). Proposed mechanisms of  
NKG2DL shedding from tumor cells or stressed cells include proteolytic cleavage of  cell-surface ligand by 
matrix metalloproteases (MMP) (36), a disintegrin and metalloproteinase (ADAM) (24), or phospholipase 
C (37) or release of  NKG2DLs in an exosome-dependent manner (38, 39). Circumstantial evidence for at 
least 2 of  these shedding mechanisms has been described in LAM. Matsui et al. demonstrated elevated 

Figure 5. NKG2D expression on NK cells in peripheral blood. (A) Scatterplot representative of control and lymphangioleiomyomatosis (LAM) patient. 
(B) Plots indicating percent positive for CD3–CD56brightCD16– and CD3–CD56dimCD16++ NK cells. Sample size for B–D, controls, n = 4; LAM patients, n = 7. (C) 
Percent expression of NKG2C on CD3–CD56brightCD16– and CD3–CD56dimCD16++ NK cells. (D and E) NKG2D median fluorescent intensity (MFI) and percent 
positive on CD3–CD56brightCD16– and CD3–CD56dimCD16++ NK cells. Statistical significance indicated by P value of LAM group vs. controls. An unpaired 2-tailed 
Student’s t test was used to determine statistical significance. Bar represents mean ± SEM.
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MMP2 activation in pathologic lesions of  LAM patients (40), and Edwards et al. demonstrated increased 
transcripts for MMPs, ADAMs, and tissue inhibitor of  metalloproteinases (TIMPs) within mast cells iso-
lated from LAM biopsies (41). Despite the remarkably consistent detection of  NKG2DL in LAM tissue 
specimens by IHC, there is considerable variation in the presence and quantity of  sNKG2DL in serum of  
LAM patients, perhaps explained in part by differences in the proteolytic milieu in LAM lesions.

Few studies have examined NK cells in the context of  LAM pathogenesis. Our studies reveal that 
NK cells in LAM patients demonstrate both reduced expression of  NKG2D and a trend toward reduced 
NKG2C expression on peripheral blood NK cells. Our data indicate that there are LAM-associated chang-
es in NK cell populations in peripheral blood and suggest that altered NK function may also play a role in 
LAM pathogenesis, including reduced tumor surveillance and altered cytotoxicity of  NK cells. It is well 
established that upregulation of  sNKG2DLs results in decreased NKG2D expression and functional altera-
tions in NK cells (23). However, since only a portion of  the LAM patients had sNKG2DL, the presence 
of  sNKG2DLs alone does not explain the consistent reduction in NKG2D expression observed in NK cell 
populations of  all the LAM patients examined. Additionally, these studies are limited by the small sample 
size and absence of  longitudinal lung function data in this cohort. Reduced NKG2D expression has been 
reported under several conditions. Altered NK ligand expression and NK cell function in LAM may be 
related to the hypoxemia experienced by LAM patients and the hypoxic environment within LAM nodules 
(42, 43). Hypoxic conditions are reported to impair NK cell antiviral activity (44), downregulate activating 
receptors (45), and impair cytotoxicity against myeloma (46). Alternatively, soluble factors, such as cyto-
kines, chemokines, or growth factors, present in LAM patients may modulate NKG2D expression. TGF-β 
expression, which is known to be associated with downregulation of  NKG2D in cancer (47, 48), is present 
in proliferative nodular LAM lesions (49) and may also influence receptor expression in LAM. Moreover, 
there may be direct effects of  rapamycin/rapamycin analogs on NK cells, as mTOR is known to be an 
important regulator of  NK cell effector function (50). Although systemic oxidative stress does not appear to 
be part of  the pathophysiology of  LAM (51), NKG2D surface expression can be reduced due to systemic 
oxidative stress, such as in end-stage renal disease (52). However, the exact mechanism for downregulation 
of  NKG2D in peripheral blood NK cells in LAM patients remains unknown.

Figure 6. Decline in forced expiratory volume in 1 second (FEV1) based on presence or absence of serum sNKG2D ligands. Patients were grouped by the pres-
ence or absence of soluble NKG2D ligands (Neither, ULBP2, ULBP3, or ULBP2/3). Mean change from baseline to 30 months (white filled) or 48 months (gray 
filled) are shown. (A) Data shown is for individuals with FEV1/forced vital capacity (FVC) > 0.70 at enrollment. n = 7–9/group (B) Data shown is for all patients 
n = 7–29/group. Statistical significance between groups was determined using a 2-way ANOVA, with specific post-hoc contrasts for group comparisons. Dots 
represent patients. “Data are presented as bar plots with the height of the bar representing the mean and error bars ± SEM.
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LAM lesions in all lung biopsies we examined were positive for NKG2DL expression; however, the 
presence of  sNKG2DLs was highly variable among patients. The explanation for this dissociation between 
expression in the tissue lesions and in the serum is not clear. MICA, and to a lesser extent ULBPs, are high-
ly polymorphic genes with nucleotide variants found in coding and noncoding regions (53), and specific 
NKG2DL haplotypes may contribute to differential NKG2DL shedding and susceptibility to disease (54). 
For example, specific MICA haplotypes are associated with idiopathic pulmonary fibrosis (55). Specific 
ULBP NKG2DLs may also contribute to disease pathogenesis — for example, in alopecia areata (56). 
However, haplotype specific contributions of  ULBPs to disease pathophysiology have yet to be elucidated 
(57). Heterogeneity in TSC1/2 mutations may also contribute to alterations in downstream signaling that 
result in differential upregulation of  NKG2DL expression. The sNKG2DL data presented in the current 
study represent a single time point at enrollment into the NHLBI five-year LAM study. How these ligands 
change over the course of  the disease progression — and how they may contribute to LAM pathophysiol-
ogy — remains to be elucidated.

We found that the presence of  both soluble ULBP2 and ULBP3 in serum is associated with long-
term reduction in pulmonary function in patients with LAM. The finding that NKG2DLs are expressed 
in all LAM lesions in lung biopsies indicates that the release of  these ligands from the tissue may play 
a role in LAM disease progression. There are no data describing the mechanisms by which LAM cells 
become implanted in the lung, proliferate, and culminate in cystic remodeling and loss of  lung func-
tion. Our current data lead us to postulate that the proliferating LAM smooth muscle–like cells upregu-
late NKG2DL expression in the tissue of  origin and are either eliminated or escape NK cell detection, 
become implanted into the lung, and further escape NK cell detection via the release of  sNKG2DLs. 
We believe that release of  sNKG2DLs is a critical event in disease progression, leading to reduced or 
occupied NKG2D receptors that permit the formation and growth of  nodules that evolve to cystic lesions 
through unknown mechanisms. Further research is needed to elucidate the mechanisms for NKG2DL 
expression and shedding and for the modulation of  NK cell function that contributes to disease patho-
genesis in LAM patients. A more complete understanding of  NK and sNKG2DL function in LAM 
pathogenesis could lead to development of  NK-based interventional targets and perhaps inform treat-
ment decisions in the future. Clinical trials that target NKG2DLs (58–60) in other neoplastic diseases are 
underway and may reveal strategies that could be successfully applied to LAM.

Methods
Human samples. Serum samples and longitudinal lung function data were obtained from the 5-year NHLBI 
LAM Registry (20) database and repository, curated by the NDRI (Philadelphia, Pennsylvania, USA). 
Samples were stored at –80°C until analysis. Fresh blood from healthy female volunteers (n = 4, ages: 
26, 38, 42, 48; mean [±SD] = 38.5 ± 9.2) and LAM patients (n = 7, ages: 41, 45, 48, 47, 52, 52, 62; mean 
[±SD] = 49.5 ± 6.7) was obtained at the University of  Cincinnati Pulmonary LAM Clinic after obtaining 
informed consent (IRB 2013-8157) (Supplemental Table 1). Blood was immediately processed to isolate 
peripheral blood mononuclear cells (PBMC) by Lymphoprep (Stemcell Technologies) density gradient cen-
trifugation, and PBMC were cryopreserved in freezing media (50% RPMI 1640, 40% FBS, 10% DMSO) 
using a Mr. Frosty Freezing Container (Thermo Fisher Scientific).

IHC. LAM lung biopsy sections (n = 9) obtained from NDRI were embedded in OCT medium 
and flash frozen in liquid nitrogen. Frozen sections (7-μm thickness) were prepared by the Pathology 
Research Core at Cincinnati Children’s Hospital Medical Center and stained with H&E for histopath-
ological analysis or with antibodies specific to NKG2DL in order to determine the localization and 
abundance of  ULBP2 and ULBP3. The following rabbit polyclonal primary antibodies obtained from 
Novus Biologicals were used: ULBP2 (catalog 27080002) and ULBP3 (catalog NBP2-31866). α-SMA 
monoclonal antibody (clone 1A4) was obtained from Abcam. Melanoma (gp100) Ab-1 (clone HMB45) 
was purchased from Thermo Fisher Scientific. Frozen slides were equilibrated at room temperature (RT) 
prior to fixation for 5 minutes with 90% MeOH at –20°C. After blocking of  endogenous peroxidase 
and biotin, tissue sections were incubated in normal goat serum for 1 hour at RT. Slides were incubated 
with primary antibodies ULBP2 (1:2,000), ULBP3 (1:500), and HMB45 (1:150) overnight at 4°C. The 
following day, slides were incubated with biotinylated goat anti-rabbit secondary antibody (1:1,000) for 
2 hours at RT. Detection was performed using streptavidin-alkaline phosphatase and ImmPACT Vector 
Red Substrate (Vector Laboratories). Sections were counterstained with hematoxylin.
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Immunofluorescent staining. Immunofluorescent staining was performed on frozen sections using the 
double indirect immunofluorescence method. Frozen sections were incubated with primary antibodies 
following methanol fixation and blocking procedures as described above. Slides were incubated simulta-
neously with either anti-ULBP2 (1:2,000) or anti-ULBP3 (1:2,000) and mouse α-SMA monoclonal anti-
body (1:500). Primary antibodies were incubated overnight at 4°C and signal detected the following day 
with goat anti–rabbit AlexaFluor 488 and goat anti–mouse AlexaFluor 568 (Thermo Fisher Scientific; 
1:500) secondary antibodies. Nuclear counterstaining with DAPI (Sigma-Aldrich; 1:2,000) facilitated 
histologic identification of  tissue orientation. Images were captured using a Nikon A1 Inverted confo-
cal microscope (Nikon) at Cincinnati Children’s Hospital Medical Center Confocal Imaging Core. All 
immunostaining procedures were performed with appropriate negative controls, including: (a) the omis-
sion of  the primary antibody from the staining procedure, (b) the replacement of  the primary antibody 
with normal rabbit or mouse IgG where appropriate, and (c) the staining of  known negative and known 
positive tissues or cell lines.

ELISA. ELISA kits for ULBP2, ULBP3, and MICA were obtained from Bio-Techne. ELISAs were 
performed according to manufacturer’s protocols. Serum was diluted 1:4 or 1:8, depending on the 
available volume of  sample.

Flow cytometry. NK cell surface staining was performed on thawed PBMC. Antibodies for flow 
cytometry that were obtained from BD Biosciences included: BV786 mouse anti–human CD3 (clone 
SK7); BUV395 mouse anti–human CD56 (clone NCAM16.2); BUV737 mouse anti–human CD16 
(clone 3G8); R-PE mouse anti–human NKp44/CD336 (clone p44-8); BV510 mouse anti–human 
NKp46/CD335 (clone 9E2/NKp46); and BV650 mouse anti–human NKG2D/CD314 (clone 1D11). 
Antibodies obtained from Bio-Techne included: FITC mouse anti–human NKG2C/CD159c (clone 
134591). Briefly, cells were quickly thawed, washed in 37°C media (RPMI 1640, 10% FBS, phenol red–
free) and fixed for 1 hour at RT in 1.6% paraformaldehyde (Electron Microscopy Sciences). Cells were 
then washed 2× in flow buffer (FB, 1× PBS, 0.1% sodium azide, 0.5% BSA, pH 7.4) and blocked with 
anti-CD16/32 cocktail (eBioscience) and mouse γ-globulins (Sigma-Aldrich) for 1 hour at RT. Cells 
were then stained with appropriate antibodies for 1 hour at RT in the dark, washed 2× with FB, and 
immediately analyzed by flow cytometry (BD Biosciences). Flow cytometry was performed at Shriners 
Hospitals for Children’s Cincinnati Flow Cytometry Core, Cincinnati, Ohio, USA, using a 5-laser BD 
LSRII equipped with 355 nm (UV), 405 nm (violet), 488 nm (blue), 553 nm (yellow/green), and 640 
nm (red) lasers that allow for the detection of  2 scatter parameters and up to 18 fluorescence parame-
ters. Data were collected with Diva 6.02 and analyzed with FCS Express V5 (De Novo Software). Cells 
were gated first on the lymphocyte population based on forward scatter area (FSC-A) versus side scat-
ter area (SSC-A). Next, doublets were excluded by gating (FSC-A vs. forward scatter height [FSC-H]) 
on single cells. CD3– cells were then gated, and NK cells were discriminated based on CD56dim CD16++ 
vs. CD56bright CD16–. Each NK population then had NKG2D expression examined. Appropriate nega-
tive controls were used to set gates for the above populations. UltraComp eBeads (eBioscience) were 
used to determine the compensation matrix.

FEV1 decline. LAM patients enrolled in the NHLBI registry were evaluated at 1 of  6 national centers 
at 6- to 12-month intervals (20). Due to the irregular timing of  some spirometry measurements, intraindi-
vidual FEV1 values were averaged from visits that occurred from 24–36 months (30 months) and 42–54 
months (48 months) after enrollment. The rate of  decline in FEV1 was calculated as the difference between 
baseline and 30 or 48 months.

Statistics. A 2-tailed Students t test was used for flow cytometry analyses to compare differences between 
controls and LAM patients. Differences in the rate of  FEV1 decline between groups with differing serum 
levels of  NKG2DL was compared by 2-way ANOVA with specific post-hoc contrasts. Systat (v13.1) or R 
(v3.2.2) programs were used for all analyses, and differences between groups were considered statistically 
significant when P < 0.05.

Study approval. Deidentified serum and tissue samples were from the 5-year NHLBI LAM Registry (20) 
database and repository, curated by the NDRI (Philadelphia, Pennsylvania, USA). Fresh peripheral blood 
collection was performed at the University of  Cincinnati Pulmonary LAM Clinic. Blood was collected 
after obtaining informed consent. The sample collection was reviewed and approved by the University of  
Cincinnati IRB (IRB 2013-8157)
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