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Pulmonary Function and High-Resolution CT Findings
in Patients With an Inherited Form of Pulmonary
Fibrosis, Hermansky-Pudlak Syndrome, Due to

Mutations in HPS-1*

Mark Brantly, MD; Nilo A. Avila, MD; Vorasuk Shotelersuk, MD-
Cynthia Lucero, BA; Marjan Huizing, PhD; and William A. Gahl, MD, PhD

Objective: To describe and correlate pulmonary function and high-resolution CT (HRCT) scan
scores in individuals with a high risk for development of pulmonary fibrosis, ie, Hermansky-
Pudlak syndrome (HPS) patients with mutations in the HPS-1 gene.

Design: Cross-sectional analysis of consecutive, eligible patients.

Patients: Thirty-eight HPS inpatients at the National Institutes of Health Clinical Center with
HPS-1 mutations.

Results: Thirty-seven patients were Puerto Rican and exhibited the typical 16-base pair (bp)
duplication in exon 15 of HPS-1. One non-Puerto Rican was homozygous for a different mutation
(intervening sequence 17 —2 A—C) previously reported in the HPS-1 gene; he died at age 35 of
pulmonary insufficiency. For the 23 patients who had pulmonary symptoms, the mean age of
onset was 35 years. For all 38 patients (mean age, 37 = 2 vears), the mean FVC was 71% of
predicted; the mean FEV,, 76%; mean total lung capacity (TLC), 72%; mean vital capacity (VC),
68%; and mean diffusing capacity of the lung for carbon monoxide (DLco), 72%. When patients
were grouped according to the extent of their reduction in FVC, the other four pulmonary
function parameters followed the FVC. Sevente. i patients had abnormal chest radiographs, and
31 (82%) had abnormal HRCT scans of the chest, for which a scoring system of 0 (normal) to 3
(severe fibrosis) is presented. The mean = SEM HRCT score for 38 patients was 1.30 = 0.17.
HRCT scores correlated inversely with FVC and Drco.

Conclusions: Mutations in the HPS-1 gene, whether or not they involve the typical 16-bp
duplication seen in Puerto Rican patients, are associated with fatal pulmonary fibrosis. In affected
patients, the FVC, FEV,, TLC, VC, and DLco fall in concert, and this functional deficit correlates

with HRCT scan evidence of progression of interstitial lung disease.

Key words: albinism; CT scans; pulmonary fibrosis; pulmonary function tests

Abbreviations: ¢DNA = complementary DNA; DLco = diffusing capacity of the lung for carbon monoxide;
HPS = Hermansky-Pudlak syndrome; HRCT = high-resolution CT; IVS = intervening sequence; NTH = National
Institutes of Health; PCR = polymerase chain reaction; TLC = total lung capacity; VC = vital capacity

(CHEST 2000; 117:129-136)

H ermansky-Pudlak syndrome (HPS) is an autoso-

mal recessive disease characterized by oculocu-
taneous albinism, a platelet storage pool deficiency,
and lysosomal accumulation of ceroid lipofuscin. !
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The albinism manifests as congenital nystagmus, iris
transillumination, decreased visual acuity, and widely
variable hypopigmentation of the skin and hair.34
The platelet storage pool deficiency causes bruising
and prolonged bleeding due to an impaired second-
ary aggregation response; electron microscopic evi-
dence of absent platelet dense bodies provides the
sine qua non for diagnosing HPS.5 Ceroid lipofuscin
consists of a lipid-protein complex of unknown com-
position thought to accumulate in cellular lysosomes
and believed to cause pulmonary fibrosis®7 and
granulomatous colitis®? in some patients. In affected
individuals, the pulmonary fibrosis typically leads to
death in the fourth or fifth decade.2 Although HPS
occurs worldwide, it is most common in northwest



Puerto Rico, where its frequenc_y is 1 in 1,8001©
owing to a founder effect.

In 1995, a gene causing HPS was mapped to
chromosome 10g23.1-23.3 by linkage analysis in the
Puerto Rican population.”"2 In 1996, the gene, now
referred to as HPS-1. was identified and se-
quenced,'? and its intron/exon organization was later
characterized.'* HPS-1 has 20 exons coding for a
700-amino acid, 79.3-kd protein that is ubiquitously
expressed but has no recognized function and no
homology to known proteins. To date, 12 different
HPS-1 mutations have been identified among Puerto
Ricans and non-Puerto Ricans,13.15-18 A homozygous
16-base pair (bp) duplication in exon 15 of HPS-1 has
been found in all HPS patients from northwest
Puerto Rico but in no non-Puerto Rican pa-
tients,13.15.1619 The ahsence of HPS-I mutations in
bona fide HPS patients points to locus heterogeneity
in both the Puerto Rican!® and non-Puerto Rican!5.16
populations.

We previously demonstrated that Puerto Rican
patients homozygous for the 16-bp duplication carry
an increased risk for developing restrictive pulmo-
nary disease.2® To further investigate the pulmonary
fibrosis associated with HPS, we performed pulmo-
nary function studies and high-resolution CT
(HRCT) scans of the chest in 38 patients with
mutations in HPS-1. Pulmonary function results
were correlated with radiographic evidence of fibro-
sis, and the natural history of pulmonary dysfunction
in patients with HPS-1 mutations was documented.
We also provide evidence that HPS-I mutations in
general, rather than homozygosity for the 16-bp
duplication specifically, constitute the risk factor for
pulmonary fibrosis.

MATERIALS AND METHODS

Patients

All the subjects were enrolled in a protocol approved by the
National Institute of Child Health and Human Development
Institutional Review Board and all gave written informed con-
sent, HPS was diagnosed based on the presence of oculocutane-
ous albinism and a bleeding diathesis; the diagnosis was con-
firmed on molecular grounds. To be included in this data
analysis, patients were required to be adults admitted to the
National Institutes of Health (NIH) Clinical Center, to have
mutations in HPS-1, and to have undergone an HRCT scan of the
lung, Thirty-eight individuals met these criteria between January
1996 and June 1998.

Molecular Studies

Genomic DNA, extracted from peripheral leukocytes or fibro-
blasts using a standard procedure?! served as a template for
polymerase chain reaction (PCR) amplification to detect the
16-bp duplication in exon 15 of HPS-1. Primers and conditions

130

were as previously deseribed. 31519 When electrophoresed in 3%
agarose and stained with ethidinm bromide, the 285-bp product
of the duplication patients was easilv distinguishable from the
normal, 269-bp product,

Both complmncntmy DNA (cDNA) and genomic DNA were
emploved to detect the HPS-1 mutation in the non-Puerto Rican
patient. Reverse transcription PCR was performed after total RNA
extraction from cultured fibroblasts using Trizol reagent (Life
T(?(‘]lll()]ﬂg‘i(‘s, In¢; Grand Island, NY). ¢DNA was synthesized by
reverse transeription using 5 pg of total RNA, according to the
protocol of the manufacturer (GIBCO-BRL: Grand Island, NY).
The 2.1-kilobase coding region of the HPS-1 ¢cDNA was amplified
using primers 5'-TGCAGCCCTTTCTGAACCTCTG-3' (forward)
and 3-GAACAGTGGCAAGCAAGGGTG-3' (reverse). PCR am-
plification was performed using 2 p.L of the first stand cDNA, 1x
PCR buffer, 1.5 mM MgCl,, 200 umol/L dGTP, 200 wmol/L JATP,
200 wmol/L dTTP, 200 wmol/L dCTP, 0.2 pmol/L primers, and 2.5
U Tag DNA polymerase in a final volume of 50 L. After an initial
denaturation step at 94°C for 4 min, PCR amplification was
conducted for 35 cycles with a denaturation step at 94°C for 30 s,
annealing at 55°C for 40 s, extension at 72°C for 2.5 min, and a final
elongation step at 72°C for 10 min. Sequencing was performed
using primers reported in Table 1 of the publication by Hazelwood
et al!¥ specifically, HP-1 (reverse), HP-2 {forward), HP-3 (forward),
HP-4 (forward), HP-5 {forward), HP-6 (forward), and HP-7 (tor-
ward). Genomic DNA also served as a template for PCR amplifica-
tion of the individual exons of HPS-1. The primers and conditions
for genomic DNA were as previously described.!4-16

Direct, automated DNA sequencing was performed using the
ABI Prism dRhodamine Terminator Cvele Sequencing Kit (Ap-
plied Biosystems; Foster City, CA) according to the manufactur-
er's recommendations.

Pulnwmmj Function Tests

Pulmonary function was assessed as previously described 22
using well-established normal values.

HRCT of the Chest

HRCT of the chest was performed on a GE Hispeed Advan-
tage scanner (GE Medical Systems; Waukesha, WI) with the
patient prone. The thorax was divided into upper, middle, and
lower segments, and HRCT findings in each segment were
recorded. HRCT scores were based on the following scheme:

~0 = normal CT; 1 = mild disease (1 to 15 thickened interlobular

septa per segment, one to five patches of reticulation, subpleural
cysts. and pleura}/p;irench}nnal scars); 2 = moderate disease
{moderate reticulation, peribronchovascular thickening, traction
bronchiectasis, tracheal retraction); 3 = severe disease (areas of
parenchymal consolidation, diffuse areas of peribronchovascular
thickening, traction bronchiectasis, and patches of reticulation).
Examples of HRCT scans corresponding to each score are shown
in Figure 1. Two physicians (M.B. and N.A.A.) assigned CT
scores at increments of 0.5 in a masked fashion, and the mean
value was designated the subject’s HRCT score. The mean
difference in scores of the two readers was 0.5, and the inter-
reader correlation coefficient was 0.77. The intra-reader correla-
tion coefficient was 0.92.

Statistical Analysis
The lines in Figure 2 were determined using the least-squares

method to calculate the best straight line fit. Routine definitions
of the SEM and correlation coefficients were employed.

Clinical Investigations



FIGURE 1. Typical HRCT scans through the lower lungs of HPS
patients, showing progressively increasing scores. Top, A: no
evidence of interstitial lung disease in a 27-year-old man (score
= 0). Top, B: mild fibrosis (score = 1) in a 25-year-old man. Note
thickened interlobular septum (arrow). Bottom, C: moderate
fibrosis (score = 2) in a 53-year-old man. Note moderate periph-
eral reticulation (arrow). Bottom, D: severe fibrosis (score = 3) in
a 53-year-old woman. Note reticular patches, bronchiectasis,
p('ril)r(mclsuvusculur thickening (arrow), and subpleural cysts.
See Materials and Methods for description of findings.
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FIGURE 2. HRCT score as a function of FVC (top, A) and DLCO
(bottom, B) in HPS patients. Lines represent the best least-
squares fits for the data (r = —0.66 for each line).

REsSuULTS
Patient Popuimimi

Patient characteristics are shown in Table 1. The
38 HPS patients in this study ranged in age from 19
to 57 years, with a mean age of 37 years. Eighteen
patients were men, and 37 were of Puerto Rican
ancestry. All 37 Puerto Rican patients exhibited
homozygosity for the typical 16-bp duplication in
exon 15 of HPS-1 (data not shown). Only 1 of the 38
patients smoked at the time of admission, but 5 had
smoked sometime in their lives. The five had smok-
ing histories estimated to be 2, 4, 14, 17, and 21
pack-years. Of the 38 patients, 23 had pulmonary
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Table 1—Characteristics of HPS Study Population

No. of

Characteristics Patients Mean SEM
Age, yr 38 37.1 1.7
Puerto Ricans* 37
Males 18
Any prior smt)king 5
Age at first pulmonary symptoms, yr 23 35.1 2.1
Age at death, yr 5 37.2 12
FVC, % predicted 38 70.6 34
FEV,, % predicted 38 76.2 3.5
TLC, % predicted 38 72.2 3.4
VC, % predicted 38 68.1 35
Drco, % predicted 37 72.1 4.0
Oxygen saturation, % 31 96.6 0.5
Abnormal chest radiograph 17
HRCT score 38 1.30 0.17
*All 37 Puerto Rican patients were homozvgous for the 16-bp

duplication in exon 15 of HPS-1.
tRoutine chest radiographs were obtained for 35 of the 38 patients.

symptoms, with a mean age of onset of 35.1 years
(Table 1) and a range of 15 to 53 years. Five of our
38 patients have died. at a mean age of 37 years; 2 of
the 5 had 14- and 21-pack-vear histonies of smoking.

The sole non-Puerto Rican patient exhibited a
known mutation'® in HHPS-1. He was homozygous for
an A-to-C substitution in the —2 position of intron 17
(Fig 3), causing an 18-bp deletion (nucleotides 1,744
to 1,761) in the HPS-1 ¢cDNA. This 35-year-old Irish
man had nystagmus and decreased visual acuity from

A,
IVS17 .| Exon 18

GTCTTTTCCCCAGGTCTGGTCTC

C.

childhood, as well as bruising and episodes of epi-
staxis. He received a diagnosis of HPS at age 32,

when his sister died of pulmonary fibrosis due to
HPS. After age 32, his dyspnea on exertion and
cough worsened gradually for 2 years, then rapidly
during the year prior to admission. The patient had
never smoked. On admission to the NIH Clinical
Center, he had visual acuity of 20/100 in both eyes,
with marked iris transillumination. His blood and
urine chemistries and hematologic studies, including
von Willebrand factor, were normal except for a
sedimentation rate of 38 mm/h (normal, 0 to 25).
Pulmonary function tests revealed a FVC 51% of
predicted; FEV,, 54%; total lung capacity (TLC),
51%; vital capacity (VC), 49%; and diffusion of the
lung for carbon monoxide (DLCO), 26%. There was
no response to bronchodilators. Arterial bloud gases
showed a pH of 7.39, Pco, of 31 mm Hg (normal, 35
to 48 mm Hg), Po, of 84 mm Hg (normal, 83 to 108
mm Hg), and oxygen saturation of 96% (normal, 94
to 98%). HRCT scan of the chest revealed diffuse
interstitial fibrosis with cyst formation, correspond-
ing to a score of 3 (Flg 4). The patient died of
respiratory insufficiency 4 months after discharge.

Pulmonary Function Testing

The 38 adult HPS patients in this study displayed
a normal distribution of values for FVC, FEV,, TLC,
VC, and DLCO when expressed as percent of pre-
dicted. The distributions of FVC and Drco values

Exon 17 | Exon 18

ACTAAGGTCTGGTCTCTGA TCCAGCTGGCGC

CAAA

B.
IVS 17 | Exon 18

GTCTT TTGCCCCGGT CTGGTCTC

CAAAACTAAGCTGGCGC

15—,

FIGURE 3. IVS 17 —2 A—C mutation in the HPS-1 gene of the non-Puerto Rican patient. In the

enomic DNA sequence of a normal individual (top left, A.) and of the patient (bottom left, B.) at the
Eoundary between IVS 17 and exon 18 of HPS-I, there is an A—C substitution at the —2 position
(arrowheads). The cDNA sequences of a normal mdmdua] (top right, C.) and of the patient (bottom
right, D.) reveal the patient’s in-frame deletion of the first 18 bp of exon 18.

132

Clinical Investigations



FIGURE 4. HRCT findings in a 35-year-old non-Puerto Rican
patient with a homozygous mutation in HPS-1. Top, A: conven-
tional 10-mm-thick CT section through the nn{{thot(L\ Note
extensive interstitial lung disease. Bottom, B: targeted HRCT of
the left midthorax. Note improved resolution of bronchiectasis
and peribronchovascular fibrosis compared with conventional CT
image.

are shown in Figure 5. The mean values for each
pulmonary function varied between 68 and 76% of
predicted (Table 1); the range for individual values
was 24 to 119%. None of the 34 patients tested
showed a positive response to bronchodilators. Mean
oxygen saturation was approximately 97% on room
air (Table 1), with a range of 88 to 100%.

HRCT Findings

Routine chest radiographs were abnormal in 17 of
35 patients (49%) studied (Table 1), while 31 of 38
patients (82%) manifested abnormalities on CT scan
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FIGURE 5. Distribution of FVC and Drco values for HPS
patients.

(HRCT score = 0.5). The mean HRCT score was
1.30 (Table 1). with a range of 0 to 3.

Correlations of Pulmonary Function and HRCT
Score

HRCT scores correlated inversely and reasonably
well (r = —0.66) with FVC (Fig 2, top, A) and DiLco
(Fig 2, bottom, B). An additional analysis was per-
formed after dividing all 38 patients into groups
according to their pulmonarv function. Twelve pa
tients were deemed normal (FVC > 80% of pwdl( t-
ed), 14 mildly impaired (FVC 61 to 80%), 8 moder-
ately impaired (FVC 41 to 60%), and 4 severely
impaired (FVC = 40%). For these four groups,

-mean values for FEV,, TLC, VC, and DLcO mir-

rored those for FVC (Table 2). The mean age of the
paticnts in each severity group was nearly identical
The 12 HPS patients w1th nearly normal pulmonary
function (on average, 95% of predlcted) exhibited a
mean* SEM HRCT score that was also very close to
normal, ie, 0.6 = 0.2 (Table 2). However, as disease
severity progressed and the FVC fell, the HRCT
score increased. In the four most severely compro-
mised patients, the mean = SEM HRCT score was
2.4 = 0.4 (Table 2).

The HRCT score gave a general prediction of
mortality: five of five patients with an HRCT score of
3 died of pulmonary fibrosis 1 week to 4 months after
the examination. One of two patients with a score of
2.5 died 12 months after the procedure. No patients
with scores of = 2.0 died of pulmonary fibrosis.
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Table 2—HRCT Scores at Different Levels of Pulmonary Function in Adults With Mutations in HPS-1*

Pulmonary Funetion, % of Predicted

Functional - _— HRCT
Impairment No. Age, yr FvC FEV, TLC vC DLco Score
Severe 4 e | 343 35 x4 42 + 3 36 £ 4 42+ 8 24 +04
(FVC = 40%)
Moderate (FVC 8 40+ 2 5332 59 8 5l *.1 513 45 =5 2204
41 to 60%)
Mild (FVC 61 to 14 36 * 4 70 & 1 +:9 T332 67T+2 4+5 1.1 %02
80%)
Negligible 12 36 %3 95+ 3 99 + 3 95 = 4 93+ 3 95 + 4 0.6 0.2
(FVC > 80%)
*Results exprf‘sscd as means = SEM.
Discussion In any event, cross-sectional analysis of our pa-

Recent molecular advances allow clinical evalua-
tion of HPS patients based on their genetic loci and
individual mutations. The most critical aspect of this
evaluation involves the life-threatening pulmonary
disease of HPS. Previous studies of pulmonary func-
tion in this disorder have included relatively few
individuals 52327 or have concentrated on pulmo-
nary lavage findings.” We performed an intensive,
inpatient investigation of adults who had molecularly
defined mutations in HPS-1. the gene responsible for
HPS in nearly all Puerto Ricans and in approximately
one third of non-Puerto Ricans.!31516 Our studies
employed modern HRCT scanning of the chest for
assessment of pulmonary fibrosis, and correlation of
these results with pulmonary function tests,

Several significant findings resulted from evalua-
tion of 38 patients with HPS-1 mutations. First. the
characteristics of these patients’ pulmonary fibrosis
were delineated. One prominent discovery was the
enormous individual variability in pulmonary find-
ings, as reflected in pulmonary function results (Fig
5). This was not attributable to age, as groups of HPS
patients with different severities of pulmonary dis-
ease had approximately the same mean age (Table
2). Clearly, some HPS patients are more prone than
others to develop pulmonary fibrosis, despite the fact
that they are homozygous for exactly the same 16-bp
duplication in the HPS-1 gene. The variability among
Puerto Rican HPS patients, which has also been
noted with respect to hypopigmentation,2® could
derive from either environmental factors, such as
exposure to toxins or frequent pulmonary infections,
or from epigenetic phenomena. Certain modifying
genes, for example, may be expressed more in some
patients than in others, predisposing them to fibrosis
or protecting them against it. A list of genes playing
such a role might include those influencing inflam-
mation or vesicular trafficking or providing a func-
tion redundant to that of the HPS-1 gene product.
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tients indicated that the 23 individuals who devel-
oped pulmonary symptoms did so at approximately
35 years of age. By a mean age of 37 years, our total
group of 38 patients had pulmonary function values
approximately 70% of predicted, and the individual
parameters such as the FVC, FEV,, TLC, VC, and
Drco fell in concert as the pulmonary pathology of
HPS progressed (Table 2). The pulmonary function
test results were not influenced by bronchodilator
therapy, and were not generally associated with
oxygen desaturation. That is, for HPS patients as a
group (Table 1) and for the single non-Puerto Rican
patient described in detail, oxygen saturation values
at rest were maintained in the normal range despite
significant impairment in pulmonary function pa-
rameters. This situation has been observed in inter-
stitial lung disease in general .28 The well-compen-
sated state of our patients may also be related to their
relatively young age compared with, for example,
idiopathic pulmonary fibrosis patients. However, we
would expect that even our young HPS patients with
impaired pulmonary function would desaturate on
exercise testing,

A second result of our study is the conclusion that
an HRCT scoring system, developed to evaluate
pulmonary fibrosis in HPS (Fig 1), provides an
excellent radiologic gauge of the extent of discase. As
expected, HRCT scans were considerably more sen-
sitive than standard chest radiographs. In addition,
the severity of pulmonary fibrosis on HRCT scan was
found to correlate with the degree of pulmonary
dysfunction, whether assessed by FVC and Drco (F ig
2) or by an entire battery of pulmonary function tests
(Table 2). Such a correlation of HRCT scan findings
with pulmonary function results is not unique to HPS;
it has also been reported for fibrosing alveolitis.2?

Finally, the risk of pulmonary fibrosis in HPS
might be associated with mutations in HPS-1 rather
than specifically with the 16-bp duplication in HPS-1

Clinical Investigations



observed in Puerto Rican patients. In one patient
who had a homozygous in intervening sequence
(IVS) 17 —2 substitution causing an 18-bp deletion
in exon 18, severe pulmonary fibrosis developed (Fig

4) and the patient died at 35 years of age. This
mutation retained significant residual HPS-1 mes-
senger RNA on Northern blot analysis (data not
shown), and maintained both the frame and the
dileucine signal of the HPS-1 gene product. Al-
though the nnl\’ other in-frame HPS-1 mutation, a
deletion of the three bps comprising 155, was re-
ported to be associated with a very mild phenotype,16
our patient exhibited fatal pulmonary disease. It is
possible that HPS-1 mutations in general predispose
to pulmonary involvement; whether other HPS-
causing genes are associated with pulmonary disease
remains to be determine..

That there exist other HPS-causing genes has
become abundantly clear. Evidence for locus heter-
ogeneity comes from both Puerto Rican!® and non-
Puerto Rican patients,'516 as well as the existence of
14 genetically different autosomal recessive mouse
models of HPS that combine pigment dilution with a
platelet storage pool deficiency.303! Pale ear, for
example, is the murine analog of human patients
with HPS-1 mutations,3233 while the pearl mouse,
whose defect lies in the B3A subunit of adaptor
complex-3,34 corresponds to a human sibship bearing
“HPS-2” gene mutations.?> The two individuals with
compound heterezygous HPS-2 mutations are not
yet old enough to reveal whether mutations in this
gene are associated with pulmonary fibrosis.

Progress in isolating additional HPS-causing
genes, including genes involved in vesicular traffick-
ing,3 should lead to an assessment of which HPS
subtypes are associated with pulmonary fibrosis and
which are not. Such a determination will be of
extreme prognostic value, applied both to individual
patients and to group studies of pulmonary fibrosis
therapies. Until some treatment of the pulmonary
dysfunction of HPS becomes available, all patients
should take measures to preserve their existing pul-
monary function, with special emphasis on patients
bearing HPS-1 mutations. Precautions include avoid-
ance of primary and secondary cigarette smoke and
other lung toxins, prompt therapy of respiratory
infections, regular exercise and a healthy diet, and
prophylaxis with influenza and pneumococcal immu-
nizations. In the future, these precautions may be
deemed less essential in patients whose genotypes
indicate that they are free of the risk of pulmonary
fibrosis.
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