Patients with Nontuberculous Mycobacterial Lung
Disease Exhibit Unique Body and Immune Phenotypes
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Rationale: Among patients with nontuberculous mycobacterial lung
disease is a subset of previously healthy women with a slender body
morphotype, often with scoliosis and/or pectus excavatum. We hy-
pothesize that unidentified factors predispose these individuals to
pulmonary nontuberculous mycobacterial disease.

Objectives: To compare body morphotype, serum adipokine levels,
and whole-blood cytokine responses of patients with pulmonary
nontuberculous mycobacteria (pPNTM) with contemporary control
subjects who are well matched demographically.

Methods: We enrolled 103 patients with pNTM and 101 uninfected
control subjects of similar demographics. Body mass index and body
fat were quantified. All patients with pNTM and a subset of control
subjects were evaluated for scoliosis and pectus excavatum. Serum
leptin and adiponectin were measured. Specific cytokines important
to host-defense against mycobacteria were measured in whole blood
before and after stimulation.

Measurements and Main Results: Patients with pNTM and control sub-
jects were well matched for age, gender, and race. Patients with
pNTM had significantly lower body mass index and body fat and
were significantly taller than control subjects. Scoliosis and pectus
excavatum were significantly more prevalentin patients with pNTM.
The normal relationships between the adipokines and body fat were
lostin the patients with pNTM, a novel finding. IFN-y and IL-10 levels
were significantly suppressed in stimulated whole blood of patients
with pNTM.

Conclusions: This is the first study to comprehensively compare body
morphotype, adipokines, and cytokine responses between patients
with NTM lung disease and demographically matched controls. Our
findings suggest a novel, predisposing immunophenotype that
should be mechanistically defined.
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Most patients with nontuberculous mycobacterial lung dis-
ease have no obvious risk factors, although prior studies and
clinical observation suggest that many possess a distinct body
phenotype.

What This Study Adds to the Field

We found that a subset of patients with nontuberculous
mycobacterial lung disease without clear risk factors possess
a novel predisposing syndrome, characterized by a distinct
body phenotype, lower levels of whole-blood IFN-y after
ex vivo stimulation, and altered serum adipokine levels
normalized for body fat.

Chronic lung disease due to nontuberculous mycobacteria (NTM)
is a growing public health concern (1-3). Recent studies estimate
the incidence in the United States to be five to six cases per
100,000 and as high as 15.5 cases per 100,000 in persons over
50 years of age (3-5). Because the duration of symptomatic
NTM lung disease is often years, the prevalence of disease is
estimated to be 10 to 40 cases per 100,000 (1).

In the United States, the most common N'TM species associated
with lung disease are Mycobacterium avium complex (MAC),
Mycobacterium kansasii, and Mycobacterium abscessus. Although
NTM are widespread in water and soil (6, 7), relatively few per-
sons develop disease. Thus, intact immunity is likely pivotal for
protection against NTM.

Chronic lung disease is the most common form of NTM infec-
tion, manifested by two main radiographic patterns: (i) an upper
lobe fibrocavitary pattern that occurs mostly in men with underly-
ing lung disease such as chronic obstructive pulmonary disease
(COPD) and (ii) a nodular-bronchiectasis pattern that often in-
volves the right middle lobe and lingula and which appears to be
more common in women with no clear risk factors (8). However,
each type is not exclusively seen in one gender, and both types
may be evident in a single patient (9). The proportion of patients
with pulmonary NTM (pNTM) with nodular bronchiectasis has
increased over the past few decades (9).

Prior reports indicate that slender body habitus predisposes
individuals to mycobacterial infections. Large population studies
showed that otherwise healthy subjects with low body mass index
(BMI) are at increased risk for acquiring and dying from tubercu-
losis (TB) (10-12). These findings were corroborated by a Hong
Kong study showing that obesity was associated with a lower risk
of TB (13). It has been reported that a disproportionate number
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of patients with a nodular-bronchiectatic pattern of pNTM are
elderly women with a distinct body morphotype, characterized
by slender habitus, above average height, mitral valve prolapse,
and thoracic abnormalities including scoliosis, pectus excavatum
(PEX), and straight back syndrome (14-17).

We hypothesize that slender individuals have abnormal ex-
pression of leptin and adiponectin, adipokines that are important
immune modulators (18, 19). Leptin typically increases propor-
tionately with adiposity, whereas adiponectin decreases. The
relative deficiency of leptin as seen in thin individuals accounts
for reduced lymphopoiesis and impaired differentiation of T
cells into the IFN-y—producing Ty1 phenotype (20). Leptin also
activates macrophages and increases production of host-protective
cytokines such as tumor necrosis factor-a (TNF-a) and IL-12 (21).
Reduced leptin levels in slender individuals may contribute to the
increased susceptibility to TB (22, 23). Tasaka and colleagues (24)
found that patients with pNTM had 30% lower serum leptin as
compared with healthy control subjects matched for age, gender,
and BMI (24). Mouse studies show that leptin is a host-protective
factor against M. tuberculosis and M. abscessus (25, 26). Con-
versely, serum adiponectin levels are increased in thin individu-
als (18, 19). Because adiponectin can induce immunosuppressive
cytokines such as IL-10 and IL-1 receptor antagonist (18, 19),
elevated levels in slender individuals may impair their resistance
to NTM.

It remains controversial whether patients with pNTM with no
known predisposing disorder are immunologically impaired (16,
27-31). Lim and colleagues found more IFNy*CD4" T cells in
the blood of patients with pNTM stimulated with staphylococcal
enterotoxin B and MAC-derived purified protein derivative (32).
Kim and colleagues (16) found no difference in stimulated levels
of proinflammatory cytokines in peripheral blood mononuclear
cells (PBMCs) of control subjects and patients with pNTM. In
contrast, other researchers found that stimulated PBMCs and
whole blood from patients with pulmonary MAC produced less
proinflammatory cytokines but more IL-10 than blood cells from
healthy subjects or subjects with TB (27-31, 33).

We performed a prospective, cross-sectional study to deter-
mine whether a subset of patients with pPNTM have a unique pre-
disposing phenotype. To do this, we compared patients with
pNTM and uninfected control subjects for body morphotype, se-
rum leptin and adiponectin levels, and whole-blood cytokine lev-
els after ex vivo stimulation. Some of the results of this study
have been presented as abstracts (34, 35).

METHODS

Materials

A detailed list of materials used can be found in the online supplement.

Subjects

After Institutional Review Board approval and informed consent, 103
patients with pNTM who fulfilled American Thoracic Society criteria
for isolated NTM lung disease (7) were recruited consecutively from
the Adult Day Unit of National Jewish Health (NJH) between December
1, 2009 and October 1, 2010. Patients were enrolled regardless of their
disease stage, antibiotic therapy, or prior history of lung resection surgery.
Control subjects (n = 101) were recruited consecutively from the Uni-
versity of Colorado Denver Anschutz Medical Campus Metabolic Bone
Clinic. We selected this control group because the patients seen at this
clinic possess similar demographics as the patients with pNTM at NJH
(mostly elderly, white women). Demographic factors can influence body
habitus and body fat content, which can affect a subject’s immunophe-
notype. Control subjects were excluded if they had a history of NTM
infection. For both groups, individuals were excluded if they were preg-
nant, had active cancer, or were currently prescribed immunosuppressive
or immunomodulatory agents.

All enrolled subjects were self-reported to be HIV negative by test-
ing or were deemed to be of such low risk that testing was not clinically
indicated. A detailed medical history was obtained and reviewed for all
patients. Tobacco use was defined as a history of greater than 5 pack-
years of smoking or current cigarette smoking.

Body Morphotype Measurements

Body morphometric measurements were completed on all enrolled sub-
jects. All measurements were performed in triplicate on the right side of
the body by a single investigator (M.K.). The mean of three measure-
ments was used for final comparisons between groups. From these meas-
urements, the BMI (kg/m?) and percent body fat (Durnin/Womersley
Caliper Method) were calculated. The total body fat in kg was calcu-
lated by multiplying weight times the percent body fat. Height and arm
span:height ratio were also measured.

Assessment for Scoliosis and PEX

The presence of scoliosis was based on the interpretation of posteroan-
terior and lateral chest X-rays by clinical radiologists and validated by
a single investigator (M.K.). PEX was determined using the Haller index
to analyze the axial chest CT image, available for all 103 patients with
pNTM and 20 control subjects. The Haller index is calculated by divid-
ing the transverse diameter inside the rib cage by the shortest antero-
posterior diameter between the anterior vertebral column and the
posterior sternum (36). Mild to moderate PEX is defined as Haller
index of 2.5 to 3.5 and severe PEX as > 3.5.

Adipokine Measurements

Serum leptin and adiponectin concentrations were measured in dupli-
cate using ELISA kits from R&D Systems (Minneapolis, MN).

Whole-Blood Cytokine Levels

A random subset of subjects (47 patients with pNTM and 53 control sub-
jects) underwent whole-blood collection for cytokine measurements. Whole
blood was diluted 5-fold with RPMI alone or with RPMI containing a final
concentration of 20 ng/ml lipopolysaccharide (LPS), 6.2 pg protein/ml of
heat-killed Staphylococcus epidermidis, or 5.5 X 10° live Mycobacterium
intracellulare/ml. Additional details on preparation of the whole blood and
cytokine analysis can be found in the online supplement.

Statistical Analyses

Statistical analyses assessed five primary outcomes: height, presence of sco-
liosis, leptin and adiponectin concentration per kg of body fat, and cytokine
production in whole-blood samples. The two groups in this study (patients
with pNTM and control subjects) were compared for each outcome. Details
of the statistical analyses can be found in the online supplement.

RESULTS
Demographics and Past Medical History

There was no significant difference in age, gender, or race be-
tween the patients with pNTM and control subjects (Table 1).
More patients with pNTM were current or past smokers, but in
both groups the vast majority with tobacco use were former
smokers (Table 1). Although there was a trend toward greater
prevalence of COPD in the pNTM cohort (Table 2), this was
self-reported and may reflect airway dysfunction related to bron-
chiectasis and not classic COPD. The pNTM cohort was also more
likely to have a history of childhood respiratory disease, sinusitis,
and gastroesophageal reflux, consistent with previously published
studies (16). There were no significant differences in vitamin
D levels or use of nonsteroidal antiinflammatory drugs between
groups (Table 2). Osteoporosis and osteopenia were more com-
mon among control subjects, although the prevalence was high
in both groups (Table 2). Fifty-eight (56%) patients with pNTM
were on antibiotics at the time of enrollment, with 33 receiving
azithromycin. Of the 45 patients with pNTM not on antibiotics,
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TABLE 1. DEMOGRAPHICS
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Control Subjects (n = 107) Patients with pNTM (n = 703) P Value

Age, yr* 60.8 (15.7) 63.8 (11.2) 0.11
Female gender, N (%) 90 (89) 85 (83) 0.18
Race

White, N (%) 88 (87) 93 (90) 0.49

Asian, N (%) 6 (6) 8 (8)

Hispanic, N (%) 5(5) 1()

African American, N (%) 1) 0

Other, N (%) 1() 1()
Tobacco use

Total, N (%) 33 (33) 52 (50) 0.01

Former smoker, N 32 48

Current smoker, N 1 4
Borne children, N (%) 62 (63) 79 (77) 0.04
Menarche, yr* 13.3(1.8) 13.1 (1.6) 0.29
Menopause, yr* 48.8 (6.4) 47.4 (5.5) 0.16
Current hormone replacement therapy, N (%) 28 (28) 18 (17) 0.08

Definition of abbreviation: N = number of subjects; pNTM = pulmonary nontuberculous mycobacteria.

*Mean (SD).

33 were therapy naive, and 12 had received antimicrobial ther-
apy before enrollment.

Microbiology

All mycobacterial isolates were identified using biochemical meth-
ods at NJH Mycobacterial Laboratory and 16S RIBOSOMAL
RNA gene sequencing. MAC accounted for 78 (76%) of the
NTM recovered. The second most common NTM recovered was
M. abscessus, isolated from 20 (19%) patients. The remaining five
patients had one of the following isolates: M. xenopi, M. terrae, M.
lentiflavum, M. kansasii, and M. chelonae.

Body Morphotype Analysis

After linear regression analysis, which controlled for age and
gender, patients with pNTM were found to be an average of
4.53 cm taller (Table 3) than control subjects (95% confidence
interval [CI], 2.73-6.32 cm; P < 0.0001). The pNTM group had
significantly lower BMI (22.06 vs. 23.98 kg/m?), percent body fat

TABLE 2. PAST MEDICAL HISTORY

(28.46 vs. 31.28%), and total body fat (17.84 vs. 20.43 kg) than
the control group (Table 3).

The presence of scoliosis was assessed for all 103 patients with
pNTM and the 75 control subjects who had chest X-rays avail-
able. Scoliosis was present in 32 (31%) patients with pNTM and
in 10 (13%) control subjects (P = 0.006).

Using the Haller index to define PEX, 90 (87 %) of 103 patients
with pNTM met diagnostic criteria for PEX, whereas 13 (65%) of
the 20 control subjects who had chest CT available had evidence of
PEX (P = 0.01 for group comparisons). Among all subjects with
PEX, 23 (26%) of 90 patients with pNTM had severe PEX, de-
fined as Haller index greater than 3.5, and 5 (38%) of 13 control
subjects had severe PEX.

Serum Adipokine Levels

When serum leptin was normalized for total body fat (kg), sub-
jects with NTM had, on average, a 0.33 ng/ml/kg higher leptin
concentration than control subjects (i.e., 1.25 ng/ml/kg vs.
0.92 ng/ml/kg, respectively; (95% CI, 0.02-0.64 ng/mL/kg;

Variable Control Subjects (n = 107) Patients with pNTM (n = 703) P Value
“Self-reported” COPD, N (%) 6 (6) 14 (14) 0.07
Childhood respiratory diseases, N (%) 19 (19) 32 (32) 0.04
Sinusitis, N (%) 17 (17) 35 (34) 0.01
NTM-related lung complications N/A N/A

Bronchiectasis, N (%)* 103 (100)

Cavitary disease, N (%) 19 (18)

History of hemoptysis, N (%) 20 (19)

Prior lung resection, N (%) 10 (10)

History of =2 pneumonias, N (%) 49 (48)
Gastroesophageal reflux, N (%) 41 (41) 71 (69) <0.0001
BCG vaccination, N (%) 9(9) 11.(11) 0.67
History of tuberculosis, N (%) 0 (0) 4(4) 0.01
Hypertension, N (%) 30 (30) 33 (32) 0.75
Hyperlipidemia, N (%) 31 (31) 36 (35) 0.52
Osteopenia or osteoporosis, N (%) 84 (83) 73 (71) 0.04
Vitamin D level, ng/mIJr 39.36 (14.18) 35.38 (13.82) 0.08
NSAID use, N (%) 17 (17) 21 (21) 0.47

Definition of abbreviations: BCG = bacillus Calmette-Guérin; COPD = chronic obstructive pulmonary disease; N =
number of subjects; N/A = not applicable; NSAID = nonsteroidal antiinflammatory drugs; NTM = nontuberculous myco-

bacteria; pPNTM = pulmonary nontuberculous mycobacteria.

*In the patients with pNTM, bronchiectasis was confirmed on CT scans. Only 20 control subjects had chest CT scans
available, but none had a medical history compatible with bronchiectasis.

t Mean (SD).
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TABLE 3. BODY MORPHOMETRIC ANALYSIS
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Variable Control Subjects (n = 107)* Patients with pNTM (n = 703)* P Value
Height, cm 161.83 (8.40) 166.94 (7.62) <0.0001
Weight, kg 63.12 (1.49) 61.77 (1.23) 0.48
Arm circumference, cm 27.65 (4.34) 26.88 (3.30) 0.16
Waist circumference, cm 83.12 (13.74) 81.49 (12.76) 0.38
Hip circumference, cm 92.49 (16.48) 90.69 (8.92) 0.34
Biceps skin fold, cm 6.30 (4.49) 6.50 (4.61) 0.75
Triceps skin fold, cm 16.87 (7.71) 13.01 (5.73) <0.0001
Waist skin fold, cm 20.16 (9.94) 16.53 (7.19) 0.003
Hip skin fold, cm 15.52 (11.22) 12.02 (11.11) 0.03
Scapula skin fold, cm 16.33 (9.73) 12.80 (7.44) 0.004
Arm span, cm 166.07 (9.88) 169.04 (9.90) 0.04
Arm span/height ratio 1.02 (0.04) 1.01 (0.03) 0.03
Shoulder to hip distance, cm 42.26 (3.92) 44.29 (3.93) 0.0005
BMI, kg/m? 23.98 (5.07) 22.06 (3.81) 0.003
Percent body fat, % 31.28 (7.60) 28.46 (7.42) 0.008
Total body fat, kg 20.43 (8.82) 17.84 (6.61) 0.02
Scoliosis, N (%)" 10 (13.3) 32 (31.1) 0.006
PEX, N (%)* 13 (65) 90 (87) 0.01

Definition of abbreviations: BMI = body mass index; N = number of subjects; PEX = pectus excavatum; pNTM =

pulmonary nontuberculous mycobacteria.
*Mean (SD), except for the last two rows.

tScoliosis assessed in 75 control subjects and 103 patients with pNTM.
¥ Pectus excavatum assessed in 20 control subjects and 103 patients with pNTM.

P = 0.03). The raw individual leptin levels for all subjects were
then plotted as a function of their corresponding body fat, and
a best-fit line was determined (Figure 1A). The leptin concentra-
tion in the control subjects increased by 1.88 ng/ml for every kg
increase of body fat (P < 0.0001), which corresponded to a par-
tial correlation coefficient (r) of 0.74. In contrast, for the pNTM
group, leptin increased by only 0.16 ng/ml per kg of body fat (P =
0.51), which corresponded to a r value of 0.07. There was signif-
icant interaction between the groups (i.e., the slopes are signifi-
cantly different [P < 0.0001]).

When serum adiponectin was normalized for total body fat
(kg), subjects with NTM had, on average, a 0.52 ng/ml/kg higher
adiponectin concentration than control subjects (i.e., 1.56 vs.
1.04 pg/ml/kg, respectively; 95% CI, —0.37 to 1.41; P = 0.25).
The raw individual adiponectin levels were then plotted as a
function of body fat, and a best-fit line was determined (Figure
1B). The adiponectin levels for the control group decreased by
0.37 pg/ml for each kg increase in body fat (P = 0.0001), which
corresponded to a r value of —0.37. In contrast, for the pNTM
group, adiponectin increased 0.0004 pg/ml for each kg increase
in body fat (P = 0.997), which corresponded to a r value of 0.004.
There was significant interaction between the groups (i.e., the
slopes are significantly different [P = 0.02]).

Stimulated Whole-Blood Cytokine Production

After stimulation of whole blood with LPS or live M. intracel-
lulare, IFN-y production was significantly decreased in patients
with pNTM as compared with control subjects (Figure 2A). In
the patients with pNTM, there was a trend toward less IFN-y
production in the unstimulated whole-blood cultures and cul-
tures stimulated with S. epidermidis.

IL-12 is important in regulating IFN-y synthesis. We deter-
mined the levels of IL-12 in the whole-blood cultures but found
no significant differences between blood from patients with pNTM
and control subjects exposed to RPMI alone, LPS, or live
M. intracellulare (Figure 2B). However, in whole-blood cultures
stimulated with S. epidermidis, 1L-12 production was signifi-
cantly increased in patients with pNTM compared with control
subjects. Because IL-18 can induce IFN-y production, we also

determined whether there was differential IL-18 production in
the whole blood of 11 randomly selected patients with pNTM
and 11 randomly selected control subjects and found no significant
difference (Figure 2C).

Unstimulated whole-blood cultures from patients with pNTM
produced significantly less TNF-a compared with uninfected con-
trol subjects (Figure 2D). However, there was no difference in
TNF-a production between patients with pNTM and control sub-
jects in stimulated cultures. There was no significant difference in
the baseline or stimulated levels of other proinflammatory cyto-
kines, including IL-1B, IL-6, IL-8, and RANTES (“regulated and
normal T cell expressed and secreted,” a T-cell-derived chemo-
kine) (Figures 3A-3D).

High levels of IL-10, an antiinflammatory cytokine, have been
linked to pNTM disease (32). Unexpectedly, IL-10 levels were
significantly lower in unstimulated and stimulated whole-blood
cultures from patients with pNTM compared with control sub-
jects (Figure 4A).

Because a low IFN-y/IL-10 ratio has been associated with
disease severity in TB (37), we determined the ratio of these
two cytokines for both cohorts. There was no significant differ-
ence in the mean IFN-y/IL-10 ratio comparing patients with
pNTM and uninfected subjects in unstimulated whole-blood
cultures or cultures exposed to S. epidermidis or M. intracellu-
lare (Figure 4B). However, the IFN-y/IL-10 ratio was signifi-
cantly reduced in the LPS-stimulated whole-blood cultures of
patients with pNTM (Figure 4B).

DISCUSSION

This study is the first to examine body morphotype, adipokines,
and blood cytokine levels in patients with pNTM and control
subjects with similar demographics in regard to age, gender,
and race. Our finding that patients with pNTM have lower
BMI and less body fat supports the hypothesis that thin individ-
uals are more susceptible to NTM lung disease (14, 16, 20). This
finding is notable because both the pNTM and control groups
had substantially lower percent body fat than similarly aged
women in the National Health and Nutrition Examination Sur-
vey (NHANES) cohort (42.5% body fat for women 60-79 yr
of age) (38). We speculate that the use of a more “average”



Kartalija, Ovrutsky, Bryan, et al.: Abnormal Immunophenotype in Patients with NTM 201

A)
1504
=
E
o slope oo = 1.88 ng/mL/kg
£ 100+ =074
£
oy
T os0{ ¢ e
N 4
5 R A 4‘1 2 slopeyry = 0.16 ng/mL/kg
@ &g “a abha S r=007
0 i 1
A
0- “I‘ L "l‘r“: T & 1
0 10 20 30 40 50
Total Body Fat (kg)
B)
~ 904
3
E
2 40+ P,
s A
£
§9 gL
= a0 i slopeyry = 0.0004 pg/mLikg
a 204 4 ﬁ"‘ 4, 4 r=0.004
< B i »
< s adoA i $10P&conyo = -0.37 Hg/mL/kg
£ 104 i Ay g‘h r=-0.37
= A At A A &
@ * L
n 0-

o
—_
o
[
o
w
o
B~
o
(%]
o

Total Body Fat (kg)

Figure 1. Serum leptin and adiponectin levels as a function of total
body fat. (A) Serum leptin levels of control and patients with pulmonary
nontuberculous mycobacteria (pbNTM) plotted as a function of body fat
(kg). Slope = rise in serum leptin concentration (ng/ml) per kg increase
in body fat; P < 0.0001 for difference in slope of control subjects versus
slope of patients with pNTM. (B) Serum adiponectin levels plotted as a func-
tion of body fat (kg). Slope = fall in serum adiponectin concentration (j.g/
ml) per kg increase in body fat; P = 0.02 for difference in slope of control
subjects versus slope of patients with pNTM. See text for further discussion.
Solid triangles = patients with pNTM; open circles = control subjects.

control group may have resulted in even more striking differ-
ences in adipokine levels. Although it is plausible that reduced
body fat was a result of the NTM infection, Kim and colleagues
showed that self-reported BMI before pNTM diagnosis and cur-
rent BMI were significantly lower than NHANES control subjects
(16). Furthermore, they found that patients with pNTM had lower
BMI than patients with disseminated NTM (16).

The present findings show that patients with pNTM have an
increased frequency of the anthropometric features (taller stat-
ure, thin body habitus, scoliosis, and PEX) seen in Marfan syn-
drome (MFS) (15, 16). The prevalence of PEX as determined by
the Haller index was likely overly sensitive because PEX was
significantly greater in the pNTM and control cohorts than the
estimated 1% occurrence in the general population (39). Nev-
ertheless, PEX was significantly more common in patients with
pNTM than in control subjects. Although the patients with
pNTM in this study do not fulfill diagnostic criteria for classic
MEFS, the high frequency of Marfan-like features suggests that
such individuals may have a forme fruste of MFS. In classic
MFS, FIBRILLIN-I gene mutations may cause lung disease
(emphysema and bronchiectasis) and elevated tissue transform-
ing growth factor (TGF)-B (40-44). Because most individuals
with pNTM have bronchiectasis and because elevated TGF-3
increases susceptibility to TB (45, 46) and MAC (47, 48), it is
plausible that one or more of the approximately 600 FIBRIL-
LIN-1 gene mutations identified (49) may predispose to pNTM.
pNTM disease was recently reported in a patient with congenital
contractural arachnodactyly due to FIBRILLIN-2 gene mutation
(50). This disorder shares many clinical features with MFS,

including tall and slender body habitus, scoliosis, and PEX (50).
The authors speculated that mutation in FIBRILLIN-2 led to
abnormal TGF-B metabolism, increasing the patient’s suscepti-
bility to NTM (50).

In patients with pNTM, the typical direct relationship be-
tween body fat and serum leptin level was essentially absent. Al-
though the mean serum leptin normalized for body fat was
slightly higher in the patients with pNTM, this is likely due to
the fact that patients with pNTM with very low body fat had
higher leptin levels than control subjects with similar body fat
(Figure 1A). For example, at 10 kg of body fat, the mean leptin
level was 16.23 ng/ml higher (95% CI, 9.52-22.95 ng/ml higher)
in the pNTM group compared with the control group (P <
0.0001) (Figure 1A). In contrast, at 30 kg body fat, the mean
serum leptin concentration was 18.23 ng/ml lower (95% CI,
10.13-26.33 ng/ml lower) in the pNTM group compared with
control group (P < 0.0001) (Figure 1A). One hypothesis for this
finding is that thin subjects with pPNTM may have more severe
disease and the resulting increased inflammation enhanced leptin
production because TNF-a and IL-1B have been shown to induce
leptin in experimental animals (19, 51-53); however, this is con-
troversial in humans (18, 19, 54). Although there was no positive
correlation between baseline whole-blood TNF-a and leptin
levels (n = 47; r = 0.14; P = 0.35), there was significant cor-
relation between baseline IL-1B and leptin in patients with
pNTM (n = 47; r = 0.40; P = 0.006). However, because there
was no significant difference in whole-blood IL-1B levels be-
tween pNTM and control subjects, the contribution of IL-1B
to elevated leptin in patients with pNTM with low body fat
is unknown.

We expected to find elevated serum adiponectin in the pNTM
cohort because adiponectin increases as body fat decreases. The
patients with pNTM did have elevated mean serum adiponectin
after normalization for body fat, although this difference was not
statistically significant. The typically inverse relationship be-
tween body fat and adiponectin was absent in the patients with
pNTM (Figure 1B). Our findings do not replicate the work of
Tasaka and colleagues (24), who showed that although adipo-
nectin was elevated and leptin was reduced in patients with
pNTM, there was no difference in the slopes of the linear re-
gression lines between the groups. This may be due to the fact
that they found no difference in BMI between the two cohorts.
Because the ratio of leptin to adiponectin concentration may
have biological significance (55), we calculated the mean leptin:
adiponectin ratio and found no significant difference, although
there was a trend toward decreased leptin/adiponectin ratio in
the pNTM group (1.68 = 0.20 ng/pg) compared with the control
group (2.30 = 0.39 ng/ng). Nevertheless, loss of the direct rela-
tionship between leptin versus body fat as well as the loss of the
inverse relationship between adiponectin versus body fat in
patients with pNTM indicate that these immune-modulating
adipokines are abnormally regulated in them.

It remains controversial whether patients with pNTM have
defects in cytokine production (16, 27-31). We found that in
patients with pNTM, whole blood stimulated with LPS or M.
intracellulare produced significantly less IFN-y, and these
patients showed a trend toward decreased IFN-y production
after S. epidermidis stimulation. Because the levels of other
proinflammatory cytokines were unchanged, the defect in
IFN-vy production is likely downstream of Toll-like receptor-2,
Toll-like receptor-4, and perhaps other pattern-recognition
receptors and may be relatively specific for IFN-y production.
Because leptin can induce IFN-y (20), we analyzed whether
there was a correlation between leptin and basal blood IFN-y
in the pNTM cohort but found none (data not shown). Al-
though the mechanisms responsible for the suppressed IFN-y
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remain to be elucidated, our experimental findings indicate that
the defect is not due to IL-12 or IL-18 deficiency in the patients
with pNTM. Although there was a significantly reduced level
of IFN-y seen in the blood of patients with pNTM compared
with control subjects after ex vivo stimulation, the IFN-vy level
was not zero. Thus, it is quite plausible that the ability to pro-
duce IFN-y, albeit at reduced level, is one reason why such
patients do not manifest disseminated NTM or other opportu-
nistic infections.

Prior studies examining stimulated PBMCs from patients with
pNTM showed elevated IL-10 production compared with control
subjects (31-33). Increased IL-10 in stimulated PBMCs has been
linked to more severe pNTM disease (33). At baseline and across
all stimuli, we found less IL-10 in the whole blood of patients with
pPNTM compared with control subjects. Because the inverse re-
lationship between adiponectin and body fat was absent in the
pNTM cohort, one explanation for the unexpected reduction in
IL-10 might be a defect in the induction of IL-10 by adiponectin.

In addition, our study used stimulated whole blood, whereas
prior studies reporting elevated IL-10 in subjects with pNTM
used PBMC cultures (31-33). Using whole blood for cytokine
assays better reflects the in vivo microenvironment because sol-
uble substances that modulate cytokine production are pre-
served (56).

Because IFN-y and IL-10 levels were reduced in stimulated
whole blood of patients with pNTM, an imbalance between
immune-activating IFN-y and immunosuppressive IL-10 may
predispose slender individuals with abnormal body habitus to
pNTM infection. It has been reported that a very low stimulated
whole-blood IFN-vy/IL-10 ratio correlated with severe or dissem-
inated TB and, conversely, a higher IFN-y/IL-10 ratio was asso-
ciated with less severe localized TB (37). We found no difference
in the IFN-y/IL-10 ratio between the whole blood of patients
with pNTM and control subjects basally or after stimulation
with S. epidermidis or M. intracellulare. Based on this finding,
we spec-ulate that a “preserved” IFN-y/IL-10 ratio may have

Figure 3. IL-1B8, IL-6, IL-8, and RANTES levels in
whole-blood cultures. Measured levels of (A) IL-
1B, (B) IL-6, (C) IL-8, and (D) RANTES were mea-
sured in clarified supernatants from whole-blood
cultures of 53 control subjects (open bars) and 47
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patients with pulmonary nontuberculous mycobac-
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teria (closed bars). Data shown are the mean =*
SEM. Statistical significance was unchanged after
multivariate analysis adjusted for age, gender, body
mass index, and height. Whole-blood cultures were
incubated for 18 hours in the presence of RPMI
medium alone (Unstim), 20 ng/ml lipopolysaccha-
ride (LPS), 6.2 pg of heat-killed Staphylococcus epi-
dermidis protein/ml (Staph), or 5.5 X 10° live
Mycobacterium intracellulare (MAC)/ml.
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Figure 4. IL-10 level and IFN-y/IL-10 ratio in whole-
blood cultures. (A) IL-10 was measured in the same
clarified supernatants from whole-blood cultures
used to quantify other cytokines. IL-10 was mea-
sured in 53 control subjects (open bars) and 47
patients with pulmonary nontuberculous mycobac-
teria (pPNTM) (closed bars). Data shown are the
mean * SEM. Statistical significance was un-
changed after multivariate analysis adjusted for

L

B)
2500_ *okk ok * Kk k*k O 75 _ *%
« /i m - —i
2000 #xx* ™
;E‘ i Rl
< © 0.501
= 1500 o
= 4
~ 10004 =
= % 0.25
500 =
0- T T T O'—I:IT- T
Unstim LPS Staph MAC Unstim LPS

age, gender, body mass index, and height. (B)

Staph  MAC The IFN-v/IL-10 ratio was determined in 53 control

subjects (open bars) and 47 patients with pNTM (closed bars). Data shown are the results as means = SEM. *P < 0.05, **P < 0.01, and ****P <
0.0001 compared with corresponding control subjects. Whole-blood cultures were incubated for 18 hours in the presence of RPMI medium alone
(Unstim), 20 ng/ml lipopolysaccharide (LPS), 6.2 ug of heat-killed Staphylococcus epidermidis protein/ml (Staph), or 5.5 X 10° live Mycobacterium

intracellulare (MAC)/ml.

allowed the NTM infection to be confined to the lungs and helped
prevent other opportunistic infections from developing. However,
the IFN-y/IL-10 ratio was significantly lower in the patients with
pNTM after LPS stimulation compared with control subjects.
Although this low ratio may indicate an intrinsic predisposition to
LPS-containing gram-negative bacteria and supports the clinical ob-
servation that many patients with pNTM are coinfected with these
organisms, the vulnerability may also be due to impaired ability to
clear airway secretions due to the bronchiectasis itself or to selection
pressure from repeated courses of antibiotics (57).

Because several antibiotics, including the macrolides, have
antiinflammatory properties and inhibit cytokine production
(58), we analyzed the cytokine data comparing patients with
NTM who were on antibiotics at the time of enrollment with
those who were not. Overall, there was no difference in whole-
blood basal and stimulated cytokine levels between patients
with NTM on current therapy and those not on therapy except
for a modest reduction in IFN-y production after LPS stimula-
tion in patients on antibiotics (data not shown). However, there
was no difference in IFN-y production in those on or off therapy
after stimulation of their blood with §. epidermidis or MAC.
Importantly, basal and stimulated IFN-y production was sup-
pressed in patients with NTM, regardless of antibiotic status,
when compared with control subjects. We also compared the
mean levels of leptin and adiponectin in patients with NTM on
and off antibiotics and found no differences (data not shown).
We were not able to find evidence in the literature that antibi-
otic therapy affect adipokine levels.

Several limitations of this study should be considered in fu-
ture work. Osteoporosis may be a confounder in our study be-
cause adipokine and cytokine levels may be altered in these
individuals (59). However, because both the control and pNTM
groups had a high prevalence of osteoporosis, we do not believe
it significantly affected the results. Additionally, it would be
interesting to compare body morphotype and immunopheno-
type as a function of severity of NTM lung disease. Although
most patients with pNTM in our study had severe disease, con-
sistent with the fact that nearly all patients with pNTM seen at
NJH are referred because of recalcitrant disease, we did not
conduct a formal, quantifiable measure of disease severity. Fur-
thermore, prospectively analyzing percent body fat, adipokine
levels, and relevant cytokine levels before and after anti-NTM
treatment may help decipher what components of the abnormal
immunophenotype are reversible upon successful treatment of
the lung infection. Correlating leptin and adiponectin levels with
lymphocyte counts as well as lymphocyte subtypes may reveal
additional insights into the relationship between peripheral blood
cell differential and levels of adipokines. Future studies should
consider examining an additional control group, such as patients
with idiopathic bronchiectasis without NTM infection. However,

these patients may require bronchoalveolar lavage to definitively
exclude current NTM infection. Furthermore, it is possible that
these patients are also at high risk of contracting NTM lung disease
but have not yet experienced a significant environmental exposure
of organisms. Although it would be interesting to compare the
body morphotype and immunophenotype of patients with NTM
with active TB cases, patients with TB are frequently younger and
foreign born, whereas patients with pPNTM at NJH are predomi-
nantly elderly, white women. Although significantly more patients
with pNTM had a history of tobacco use, we were unable to de-
termine whether cigarette smoke exposure is a risk factor for
pNTM disease because only one control subject and four patients
with pNTM were current smokers at the time of enrollment. Fu-
ture studies should examine estrogen levels because this hormone
may play a role in host defense against mycobacteria (60). How-
ever, it has been shown that 6 months of hormone replacement
therapy in postmenopausal women did not affect leptin levels (61).
DEXA scans may provide a more accurate assessment of body fat
than the caliper method. In the future, other Marfanoid features
that can be objectively measured, such as lumbosacral dural ectasia,
can be assessed (62, 63). Lung-specific immune cells should also be
examined to evaluate the local immunophenotype, including the
expression of T regulatory cells and TGF-p.

In conclusion, we found that, compared with a control group with
similar demographics, patients and pNTM were taller and thinner,
and had more thoracic cage abnormalities. Serum leptin and adipo-
nectin levels were abnormally regulated in the patients with pNTM.
After whole-blood stimulation, IFN-y and IL-10 levels were signif-
icantly suppressed in the patients with pNTM. Our findings warrant
future studies to explore a possible genetic basis for the abnormal
immunophenotype we observed and to clarify the molecular
mechanisms responsible for the abnormal induction of leptin,
adiponectin, IFN-y, and IL-10 in patients with NTM lung disease.
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