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pressive therapy died of sepsis. These findings demonstrate that PAP secondary to MDS
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1. Introduction

Pulmonary alveolar proteinosis (PAP) is a respiratory disease
characterized by accumulation of phospholipids and surfactant
proteins within the alveolar lumen and terminal bronchioli. PAP
is classified into 3 groups on the basis of etiology: autoimmune
PAP (APAP), secondary PAP (SPAP), and unclassified PAP. We
previously reported that hematological disorders such as mye-
lodysplastic syndrome (MDS) are the main underlying conditions
in SPAP, and are observed in more than 70% of the cases of PAP
[1]. However, the precise mechanism underlying the pathogen-
esis of this condition remains unclear.

Behcet's disease (BD) is a chronic, relapsing, inflammatory
disease of unknown etiology that presents with oral aphthae,
genital ulcers, uveitis, and skin lesions. Intestinal involve-
ment is seen in 3-26% of cases, with a higher frequency in
Asian than European countries. The disease is frequently
intractable and may present with severe complications such
as hemorrhage, perforation, and infection [2].

In a large cohort study of BD, which included 661 cases,
PAP was not reported as a complication [3]. However, 2 BD
cases with concomitant PAP have been reported in other
studies [4,5]. When we studied the incidence of BD in the 40
Japanese cases of SPAP recorded in our database, we found 5
cases, including the 2 mentioned above. In this report, we
present the clinical, radiological, and pathological features of
the remaining 3 patients with SPAP and BD, and discuss the
characteristic disease features common to all 5 cases, includ-
ing those previously reported.

SPAP was diagnosed as described previously, with con-
firmation of the absence of serum GM-CSF autoantibodies
[1,6]. BD was diagnosed according to the Behget Disease
Research Committee of Japan criteria [7]. Onset of BD was
defined by the emergence of at least 2 symptoms attributable
to BD [8]. High-resolution computed tomography (HRCT)
images of the chest at the time of diagnosis were evaluated
by 2 radiologists (M.A and HJI) as previously reported [6].
Consent was obtained from all identified patients by the
treating physicians, and the study was approved by The

Fig. 1 - (a) Chest HRCT in Case 1 showed diffuse apparent interlobular septal thickening. (b) Lung histology on surgical lung
biopsy (SLB) (left S8) in Case 1. Elastica van Giesson stain (EVG), x 40, of the lung biopsy specimen showed interstitial
infiltration of inflammatory cells with many cholesterol clefts in the perilobular areas (arrow heads). Amorphous material was
found in the alveolar lumen (arrow), although it was not a predominant finding. (¢} Chest HRCT in Gase 2 showed
predominant bilateral diffuse GGO in the upper and middle lobes. (d) Autopsy findings of the lung (PAS stain, x 100} in Case 2
showed diffuse alveolar septal thickening with mild cellular infiltration and with PAS-positive granular material within the
alveolar spaces. (e). Chest HRCT in Case 3. Initial HRCT showed bilateral diffuse GGO, and multiple dense opacities developed
later (arrow). The dense opacity had resolved with MAC treatment.
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Institutional Review Board of Kyorin University School of
Medicine (approval number H23-085, October 19, 2011).

2. Case presentation

Case 1 involved a female patient who developed oral and
genital ulcers and papulopustular skin lesions at 32 years of
age. The patient was diagnosed with intestinal BD 5 years
later, and with MDS with refractory anemia (RA) and myelo-
fibrosis at 46 years of age. Intestinal BD was diagnosed and
prednisolone treatment was started at a dose of 40 mg/day
and tapered to 5 mg/day. At 49 years of age, the patient was
diagnosed with PAP on the basis of chest HRCT (Fig. 1a) and
typical histologic findings in surgical lung biopsy (SLB)
(Fig. 1b). Two years later, she was admitted to the hospital
due to an exacerbation of intestinal BD and leukemic trans-
formation of MDS. Despite receiving intensive treatment with
steroid pulse, cyclosporine A, and infliximab, the intestinal
involvement remained refractory without improvement of

persistent peritonitis. During treatment, the patient devel-
oped pneumonia caused by methicillin-resistant Staphylococ-
cus aureus combined with Mycobacterium avium complex (MAC).
This led to sepsis, with a fatal outcome 6 months after
admission. The severity of PAP remained unchanged during
the entire disease course.

Case 2 involved a male patient who developed oral ulcers
and papulopustular skin lesions at 26 years of age. The
patient was diagnosed with intestinal BD the following year,
and MDS (RA) 5 years later. BD was refractory to long-term
treatment with prednisolone combined with sulfasalazine.
Thereafter, azathioprine combined with etanercept was
administered for several weeks, but did not yield any
improvement. At 33 years of age, the patient was admitted
for treatment of intractable intestinal BD, when he was
diagnosed with PAP on the basis of the findings of chest
HRCT (Fig. 1¢) and BAL. Whole lung lavage (WLL) could not be
performed due to persistent fever, although no pathogen was
detected. The patient died of PAP deterioration and septic
shock 2 months after admission. Autopsy findings revealed

Table 1 -~ Clmlcal features of secondary pulmonary alveolar proteinosis comphcated with Behget's dlsease.

Case 1 Case 2 Case 3 Literature Literature Control {n= 35)
case 1 [4] case 2 [5]
At diagnosis of PAP
Age 49 33 50 51 39 53 (24-77)
Gender F M F F F M/F 21/14
Smoking history® NS S S S S S/NS/NA 19/11/5
Respiratory symptoms none cough DCE DOE cough 16/35 (46%)
Diagnostic procedure SLB BS SLB BS BS BS/SLB 27/8
Serum KL-6 (U/mL) 936 1220 1050 1960 4160 2040 (358-20210)
Serum CEA (ng/ml) 2.0 12.6 NA 33 39.5 3.9 (0.5-36.0)
HRCT findings
GGO pattern® Diffuse Diffuse Diffuse Patchy Mixed Diffuse 12/17
(71%)
‘Crazy-paving’ appearance - - - + + 117 (6%)
Subpleural sparing - - - + - 6/17 (35%)
Thickening of interlobular septa + - - - + 4/17 (24%)
Pathological findings SLB Autopsy SLB N/A N/A
Distribution Perilobular Diffuse Patchy
Cholesterol clefts Remarkable Rare Moderate
Behcet's disease
HLA-B51 - - N/A N/A N/A
Oral ulcer + + + + +
Eye lesion - - + - -~
Skin lesion + + + + +
Genital ulcer + - + S +
Intestinal lesion + + - - +
MDS + + + + - 22 (63%)
WHO classification RA RA RAEB-2 RAEB-1
Trisomy 8 + + + + 5/22 (23%)
WPSS 2 1 3 3
Duration of BD prior to the onset of MDS 14 Years S Years 6 Months 14 Years
Treatment before MDS onset® P,S,C T P,S, AT Celecoxib Colchicine

Data are expressed as median (range). The control cohorts are patients with secondary pulmonary alveolar proteinosis but without Behget's
disease. NS, never smoked; DOE, dyspnea on effort; BS, bronchoscopy; SLB, surgical lung biopsy; RA, refractory anemia; RAEB, RA with excess
of blasts; WPSS, WHO c1a531ﬁcat10n-based Prognostic Scoring System' (1, low; 2, intermediate; 3, high-risk group) “HRCT, high- “resclution
computed tomography; GGO ground glass opac1ty and N/A, not available:

&8, current or former smoker

b Mlxed mixed patchy geographic and d1ffuse pattern; patchy, patchy geographic pattern.
°P, predmsolone, S. sulfasalazine;C, cyclosporine A; T, TNF « inhibitors and A, azathioprine.
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invasive aspergillosis in the lung, but there was no evidence
of leukemic transformation in the bone marrow.

Case 3 involved a female patient who developed uveitis at
38 years of age, which subsequently resolved without treat-
ment. At the age of 48 years, she developed genital ulcers,
skin lesions, and oral ulcers, and was diagnosed with com-
plete BD. Six months later, abnormal shadowing was seen on
a chest HRCT scan (Fig. le), and pancytopenia developed. The
patient was diagnosed with PAP and MAC infection by
surgical lung biopsy, and MDS (RA with excess blasts [RAEB]
type 2) by bone marrow aspiration. Although lung opacity
improved with treatment for MAC, the patient showed
deterioration of PAP in the subsequent 2 years and required
long-term oxygen therapy. The patient underwent WLL and
showed improvement of lung opacity and oxygenation,

3. Discussion

In this report, we present 3 patients who developed SPAP
during the course of BD and MDS. Their clinical, radiological,
and pathological data, as well as those of the 2 cases of SPAP
and BD already published in the literature [4,5] and the 35
cases of SPAP without BD in the Japanese SPAP registry [1] are
summarized in Table 1. The clinical courses of the 3 patients
are shown in Fig. 2. Notably, all 3 patients as well as another
patient described in the literature [4] carried trisomy 8 in the
bone marrow, and the onset of BD consistently preceded the
onset of MDS and SPAP in these patients. HRCT features
showed diffuse homogenous patterns in the distribution of
ground glass opacity with or without thickening of the
interlobular septa, which is characteristic for SPAP [6]. Gen-
erally, the clinical, serological, and radiclogical features of
SPAP with BD were similar to those seen in the controls
(Table 1). Lung pathology findings were variable with respect

Onset to diagnosis  BD

Intestinal BD  MDS

to the extent of surfactant accumulation, the amount of
cholesterol clefts, and the distribution of lesions. Intestinal
BD may be associated with fatal infections due to the use of
potent immunosuppressive therapy.

The co-occurrence of BD and MDS has been reported
mainly in Japan and Korea [8-16]. These case reports were
collected, and the demographic features are summarized in
supplementary Table 81. A total of 64 cases of MDS compli-
cated with BD or suspected BD have been reported during the
period from 1988 to 2012. The meta-analysis revealed a high
frequency of intestinal lesions (66%), trisomy 8 (80%) and a
low frequency of ocular lesions (13%). In contrast, a nation-
wide survey of 3187 BD patients in Japan demonstrated a
distinct distribution of intestinal and ocular involvements in
15.5% and 69.1%, respectively [8]. Thus, the disease pheno-
type of the 5 patients with SPAP and BD (Table 1) is similar to
the phenotype of MDS-associated BD described in the litera-
ture. This is exemplified by the occurrence of trisomy 8 in the
present cases. Since the general frequency of trisomy 8 is
only 10-15% in MDS [17], MDS with trisomy 8 is likely to be a
risk factor for both BD [9-11] and PAP {4], and they occasion-
ally develop together, as in the 3 cases presented in
this report. Immunosuppressive therapy for BD can cause
MDS, which may subsequently cause SPAP. However, immu-
nosuppressive drugs had not been administered in both case
3 and the case in the literature [4] until the onset of MDS
(Table 1).

Previous large cohort studies have demonstrated a mor-
tality rate of 5-9.8% during a follow up period of 7.7-19 years
[18,19]. However, the effect of immunosuppressive treatment
or the presence of intestinal lesions on mortality has not
been evaluated. Patients with BD complicated with MDS were
frequently treated with immunosuppressive drugs (Table S1).
Of those, 89% and 94% with and without the intestinal
involvements respectively, underwent immunosuppressive

spap  Immunosuppressive
treatment

Case 1

BAL thwiL

Fig. 2 ~ Clinical course and prognosis of the patients. Time course of the 3 diseases (BD, Behcet disease; MDS, myelodysplastic

syndrome and SPAP, secondary alveolar proteinosis) are shown. Treatments for BD were as follows: prednisolone (5-50 mg/day),
sulfasalazine and TNF-« inhibitors in cases 1 and 2, cyclosporine A in case 1, azathioprine in case 2, celecoxib in case 3. Causes of
death were as follows: Case 1: leukemic transformation and sepsis due to MRSA and MAC infection; Case 2: sepsis with unknovwn

pathogen and PAP progression.
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therapy. It is noteworthy that the mortality rate after such
therapy was higher in those with intestinal involvement
(41%) than those without involvement (21%). In 5 of 12
deceased cases with intestinal lesions, the cause of death
was severe infection. Consistently, 2 fatal cases presented
here and another previously published case [S] showed
intestinal involvement, and therefore required potent immu-
nosuppressive therapy.

In conclusion, SPAP secondary to MDS is a rare complica-
tion during the course of BD. The clinical features other than
BD-related findings were not distinguished from those seen
in SPAP without BD.
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Autoantibodies against granulocyte/macrophage colony-stimulating factor (GMADbs) cause
autoimmune pulmonary alveolar proteinosis (PAP) and measurement of the GMAD level in
serum is now commonly used to identify this disease, albeit, in a clinical research setting. The
present study was undertaken to optimize and standardize serum GMAD concentration testing
using a GMADb enzyme-linked immunosorbent assay (GMAb ELISA) to prepare for its
introduction into routine clinical use. The GMAD ELISA was evaluated using serum specimens
from autoimmune PAP patients, healthy people, and GMAb-spiked serum from healthy people.
After optimizing assay components and procedures, its accuracy, precision, reliability,
sensitivity, specificity, and ruggedness were evaluated. The coefficient of variation in repeated
measurements was acceptable (<15%) for well-to-well, plate-to-plate, day-to-day, and
inter-operator variation, and was not affected by repeated freeze-thaw cycles of serum
specimens or the reference standards, or by storage of serum samples at —80 °C. The lower
limit of quantification (LLOQ) of the PAP patient-derived polyclonal GMAb reference standard
(PCRS) was 0.78 ng/ml. Receiver operating characteristic curve analysis identified a serum
GMAD level of 5 ug/ml (based on PCRS) as the optimal cut off value for distinguishing
autoimmune PAP serum from normal serum. A pharmaceutical-grade, monoclonal GMAb
reference standard (MCRS) was developed as the basis of a new unit of measure for GMAb
concentration: one International Unit (IU) of GMAD is equivalent to 1 ug/ml of MCRS. The
median [interquartile range] serum GMAD level was markedly higher in autoimmune PAP
patients than in healthy people (21.54 [12.83-36.38] versus 0.08 [0.05-0.14] IU; n = 56, 38;
respectively; P < 0.0001). Results demonstrate that serum GMAb measurement using the
GMAD ELISA was accurate, precise, reliable, had an acceptable LLOQ, and could be accurately
expressed in standardized units. These findings support the use of this GMAD ELISA for the

Abbreviations: PAP, pulmonary alveolar proteinosis; PCRS, polyclonal reference standard; MCRS, monoclonal reference standard; rhGM-CSF, recombinant,

human GM-CSF.

* Corresponding author at: Divisions of Pulmonary Biology and Medicine, Cincinnati Children's Hospital Medical Center, Room 4029, CCRF, 3333 Burnet
Avenue, Cincinnati, OH 45229-3039, USA. Tel.: 4+ 1513 636 6361; fax: + 1513 636 3723.
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routine clinical diagnosis of autoimmune PAP and introduce a new unit of measure to enable
standardized reporting of serum GMAD data from different laboratories.

© 2013 Published by Elsevier B.V.

1. Introduction

Autoimmune pulmonary alveolar proteinosis (autoimmune
PAP) is a rare disease characterized by alveolar surfactant
accumulation, respiratory failure, and an increased risk of
opportunistic infections (Trapnell et al., 2003). The disease is
strongly associated with granulocyte/macrophage-colony stim-
ulating factor autoantibodies (GMADs) (Kitamura et al, 1999)
that neutralize GM-CSF bioactivity (Kitamura et al, 1999;
Uchida et al, 2004) and mediate pathogenesis by blocking
signaling to alveolar macrophages (Sakagami et al.. 2009, 2010)
and neutrophils (Uchida et al, 2007). Alveolar macrophages
require GM-CSF for terminal differentiation and constitutive
regulation of functions including surfactant clearance {Shibata
et al, 2007; Bonfield et al,, 2003), Without pulmonary GM-CSF
signaling, alveolar macrophages have impaired pulmonary
surfactant clearance (ikegami et al, 1996) resulting in the
slow, progressive surfactant accumulation and the insidious
onset of the clinical manifestations of PAP syndrome. Disrup-
tion of GM-CSF signaling by recessive mutations in CSF2RA or
CSF2RB, which encode the GM-CSF receptor «v and [ chains,
respectively, causes a hereditary form of PAP that is clinically,
physiologically, and histologically indistinguishable from auto-
immune PAP (Martinez-Moczygemba et al., 2008; Suzuld et al,,
2008, 2010, 2011; Tanaka et al., 2011). PAP can also occur in a
heterogeneous group of other diseases either as a consequence
of an underlying clinical condition presumably affecting
alveolar macrophage function (secondary PAP) or mutations
in the genes involved surfactant production (e.g., SFTPB, SFTPC,
ABCA3, TIF1) (congenital PAP, and PAP associated with
interstitial lung disease) (Nogee, 2010).

Clinically, the diagnosis of PAP is made based on a
compatible history, typical radiologic findings, and characteris-
tic lung biopsy or bronchoalveolar lavage cytology findings.
However, while this approach can determine if PAP syndrome
is present, it cannot identify the underlying causative disease.
The strong association of a high serum GM-CSF autoantibody
(GMAD) level with autoimmune PAP (Kitamura et al., 1999;
Bonfield et al, 2002; Trapnell et al,, 2003; Inoue et al,, 2008),
development of an ELISA to measure GMAbs (Schoch et al,
2002), and demonstration that GMAbs actually drive the
pathogenesis of autoimmune PAP (Uchida et al, 2007;
Sakagami et al., 2009, 2010), support what is now widespread
use of serum GMADb measurement for the clinical research
diagnosis of autoimmune PAP. The potential clinical use of the
GMAb ELISA is further supported by the identification of
critical threshold of serum GMAD that is associated with an
increased risk of autoimmune PAP (Bendtzen et al., 2007;
Uchida et al, 2009; Sakagami et al, 2010). Several GMADb
ELISA-based methods have been developed for measurement
of serum GMAD including a quantitative method based on use
of a neutralizing, polyclonal GMADb reference standard (PCRS)
(Kitamura et al, 1999; Schoch et al, 2002) and a non-

neutralizing, monoclonal GMAD reference standard (MCRS)
(Inocue et al, 2008) that return values in units of GMADb
concentration and a serum titration method that returns
values in units of GMAD titer (Kitamura et al., 1999; Bonfield et
al., 2002).

The purpose of the present study was to optimize the
GMAD ELISA with respect to reagents, experimental protocol,
and analysis methods, and then validate it by rigorously
establishing its sensitivity, accuracy, precision, and rugged-
ness to support its clinical use for the diagnosis of autoim-
mune PAP. Further, we compared the relative performance of
a GMADb polyclonal reference standard (PCRS) purified from
PAP patient serum against a GMADb monoclonal reference
standard (MCRS) prepared under good manufacturing prac-
tices for potential use as a reference standard for calibrating
the results obtained in different laboratories.

2. Materials and methods
2.1. Participants

The institutional review board of the Cincinnati Children's
Hospital Medical Center approved the study. All participants
or their legal guardians gave written informed consent and
minors gave assent. Participants included patients with
autoimmune PAP (n = 96; 45.8% male; 37.3 & 15.7 years
of age at evaluation) referred for evaluation or treatment. The
diagnosis of autoimmune PAP was based on clinical and
radiographic findings; an open lung biopsy, transbronchial
lung biopsy, or cytologic analysis of bronchoalveolar lavage
cells and fluid; and a positive GMAD test performed as
previously described (Uchida et al., 2004). We also studied
healthy people (n = 58; 22.4% male; 30.6 4 7.0 years of age
at evaluation) who were nonsmokers with no history of
major illness and symptom-free at the time of evaluation.

2.2. GMAD polyclonal reference standard

A GMADb polyclonal reference standard (PCRS) was pre-
pared as previously described (Schoch et al, 2002) from a
patient with autoimmune PAP (Luisetti et al., 2009). Briefly,
GMAb was isolated from plasmapheresis fluid by protein G
column chromatography followed by GM-CSF affinity chro-
matography (Schoch et al., 2002), concentrated by ultrafiltra-
tion (Ultra-15; MWCO 30 kDa, Amicon), and re-suspended in
phosphate-buffered saline (PBS). The concentration of GMADb
was determined previously by comparison to a GMAD
reference standard for which the IgG content had been
determined by ELISA (Kitamura et al, 2000). The purity of
the PCRS was assessed by polyacrylamide gel electrophoresis
(ReadyGel®, 5-15% gradient, BioRad Laboratories, Hercules,
CA) with 2-mercaptoethanol. A ‘PCRS Master Stock’ containing
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the final purified GMAb at 2 mg/ml in PBS was prepared as
10 Wl aliquots in 0.5 ml polypropylene tubes (Eppendorf,
Hamburg, Germany) and stored at —80 °C with continuous
electronic temperature monitoring as previously reported
(Uchida et al,, 2009). A ‘PCRS Working Standard’ was prepared
by diluting one vial of PCRS Master Stock with ELISA dilution
buffer to GMAb concentration of 100 ng/ml and stored as
250 pl frozen aliquots as above. GMAD ELISA plate concentra-
tion standards were prepared from the PCRS Working
Standard Dby thawing one vial at room temperature. and
diluting a 120 W aliquot serially (1/2) to create standard
concentrations (50, 25, 12.5, 6.25, 3.125, 1.5625 ng/ml). ELISA
buffer without PCRS served as a 0 ng/ml control. A serial
dilution to 0.78125 ng/ml was used in some experiments to
define the lower limit of quantification (LLOQ).

2.3. GMAb monoclonal reference standard

A GMADb monoclonal reference standard (MCRS) was
previously prepared from a PAP patient-derived, Epstein-
Barr virus transformed, immortalized B lymphocyte clone. One
of six initial cell clones was used to produce the MCRS by
Boehringer Ingelheim pharmaceuticals (Biberach, Germany).
Briefly, the B cell clone-derived ¢cDNA was used to stably-
transduce Chinese hamster ovary D644 cells (Urlaub et al,
1983). A pool of MCRS-producing cells was subjected to
10 day fed-batch cultures in a 30 and 50 | bio-fermenter and
MCRS was purified from culture supernatant using protein A
chromatography (MabSelect SuRE™, GE Healthcare, Inc.).
Purified MCRS was re-suspended in 25 mM sodium citrate,
pH 6.0, 115 mM sodium chloride, 0.01% (w/v) polysorbate 20,
pH 6. Its binding affinity for GM-CSF was determined to be
423 pM using KinExA (Sapidyne Instruments, Inc.) equilibri-
um experiments, which were conducted at room temperature
(~21 °C). The antibody concentration was held constant as the
antigen (rGM-CSF, Biomol GmbH, Germany) was titrated in a
2-fold serial dilution. Solutions were allowed to come to
equilibrium prior measurement and the free antibodies were
captured by rGM-CSF-rabbit Fc coupled to beads. The final
MCRS preparation (monoclonal, non-neutralizing, human
anti-human GM-CSF [gG; lambda antibody; BI 01049904, Lot
1, 05.08.2009; 500 pg/500 pl; MCRS Original Stock) was
shipped on dry ice with continuous electronic temperature
recording to Cincinnati, Ohio. A “MCRS Master Stock” was
prepared by thawing the Original Stock tube at room
temperature, mixing thoroughly by gentle inversion, dispens-
ing as 25 [ aliquots without dilution in 0.5 ml polypropylene
tubes (Eppendorf, Hamburg, Germany) and then storing
frozen as for the PCRS. A ‘MCRS Working Stock’ was prepared
by diluting one vial (25 pl) of MCRS Master Stock with ELISA
dilution buffer (4975 ml; PBS, Tween-20, 1% BSA) to a final
concentration of 5 ug/ml, which was dispensed as 200 pl
aliquots and stored frozen as above. A ‘MCRS Working
Standard’ was prepared by diluting one vial (200 pl) of MCRS
Master Stock with ELISA dilution buffer (49.8 ml) to 20 ng/ml
and stored frozen in 250 ul aliquots as above. GMAb ELISA
plate concentration standards were prepared from the MCRS
Working Standard as above to create standard concentrations
(20, 10, 5, 2.5, 1.25, 0.63, 0.31). ELISA buffer without MCRS
serves as the 0 ng/ml control.

2.4. GM-CSF capture antigen

Preparations of recombinant, human GM-CSF from several
suppliers (Miltenyi Biotech, Auburn, CA, USA; Prospec-Tany
Technogene Ltd, Rehovot, Israel, USA; Invitrogen Corp,,
Camarillo, CA, USA; Genway Biotech, Inc, San Diego, CA,
USA; Genzyme, Cambridge, MA, USA) were evaluated as a
capture antigen in the GMAD ELISA by measuring the baseline
optical absorbance for each preparation in the absence of
added serum sample. The thGM-CSF from Miltenyi Biotech
(Fig. 1C, Supplier 2) was chosen for the standard GMAD ELISA
and was used throughout this study except where indicated.

2.5. Human immunoglobulin G detection antibody

Two anti-human immunoglobulin G (IgG) reagents (goat
anti-human IgG-specific F(ab’), antibody fragment, #A2290;
and intact goat anti-human-IgG-Fc specific antibody, #A6029;
both from Sigma-Aldrich, St. Louis, MO, USA) were evaluated
as the secondary detection antibody in the GMAD ELISA.
The F(ab’), antibody was chosen for the standard GMAb
ELISA and was used throughout this study except where
indicated.

2.6. GMAD ELISA

The standard GMAD ELISA used was based on an initial
description (Nakata, 1999; Kitamura et al., 2000; Schoch et al,,
2002) and subsequent modifications (Uchida et al., 2004) and
performed as follows. Microtiter plates (96-well, Maxisorp;
Nalge Nunc International, Rochester, NY) were incubated
(4 °C, overnight) with 50 Wl of capture antigen solution
(1 pg/mL rhGM-CSF (Miltenyi except where noted) in phos-
phate buffered saline (PBS)), washed in PBS containing 0.1%
Tween 20 (Sigma-Aldrich, St. Louis, MO, USA), and incubated
(room temperature, 1 h) with blocking solution, Stabilcoat®
(Surmodics, Eden Prairie, MN, USA). Serum samples (100 pl
except where indicated) were mixed with sample dilution
buffer (PBS, 1% [vol/vol] BSA, 0.1% [wt/vol] Tween 20) to
prepare a standard dilution series (1/101, 1/3001, 1/6001 and
1/12,001) for each sample. Aliquots (50 W) of diluted serum or
reference standards were pipetted into adjacent microtiter
wells, incubated (room temperature, 40 min) to allow binding
of GMAD to the capture antigen, and then washed five times
with 300 Wl of wash buffer (PBS, 0.1% [vol/vol] Tween 20).
Horse radish peroxidase-conjugated anti-human IgG F(ab’),
fragment (except where noted) was diluted 1/3000 with
sample dilution buffer for use as the detection antibody and
50 W was pipetted into each well. The plates were incubated
(room temperature, 30 min) to allow binding of IgG detection
antibody to captured GMAb and then rinsed 4 times with
wash buffer. Chromogenic substrate solution (50 W; 3,3',5,5’-
tetramethylbenzidine; T4444, Sigma-Aldrich) was added to
each well and the plates were incubated (room temperature,
15 min) to permit color development, which was stopped by
adding 50 pL of 1 N H,SO.. Optical absorbance at wavelength
of 450 nm was measured using a Benchmark® ELISA plate
reader using Microplate Manager software, version 5.21
(Bio-Rad Laboratories, Hercules, CA, USA) as described by the
manufacturer.
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Fig. 1. Effects of the capture antigen on GMADb ELISA performance.
A. Non-glycosylated versus glycosylated GM-CSF capture antigen. Serum
GMAD concentration measured with the GMADb ELISA using GM-CSF
produced in E coli (non-glycosylated form) or in yeast (glycosylated
form). Each symbol represents the mean of 2 determinations on serum
samples from each autoimmune PAP patient or healthy person (n = 20 and
10, respectively). The GMAD concentration measured for each sample with
each capture antigen was not different (P = 0.796, n = 30; Mann-Whitney
Rank Sum Test). B. Bland and Altman analysis. All data shown in panel A
were evaluated by Bland and Altman analysis as described in the Materials
and methods section. C. Source of E. coli-derived GM-CSF capture antigen.
ELISA plates were coated with GM-CSF (1 ug/ml) produced in E coli
obtained from several suppliers (1-5) and then used in the GMAb ELISA
with sham samples (i.e., buffer instead of serum) to determine the effect on
background optical absorbance. Each bar represents the mean {+SD) of 4
separate determinations. The background absorbance was different for all
comparisons except between suppliers 1, 4, and 5 (P < 0.001, n = 4 each;
ANOVA with pairwise multiple comparison procedures by the Holm-Sidak
method).

GMADb concentration was determined as follows. The
mean optical absorbance of the PCRS in replicate wells was
plotted (x-axis) against the known GMAb concentration
(y-axis) and quadratic regression analysis (except where
noted) was performed to determine the equation relating

optical absorbance to PCRS concentration (ng/ml on plate)
using Microsoft Excel (Microsoft Corp, Seattle, WA, USA). The
mean optical absorbance of replicate wells for each sample
was substituted for x in the regression equation to determine
the concentration of GMAD in the well in ng/ml, which was
multiplied by the dilution factor to determine the GMAb
concentration in serum in pug/ml.

Quality control standards consisting of duplicate serum
samples of known GMAD concentration were run on every
plate, All results from any plate for which the quality control
replicates differed by more than 15% were rejected, which
occurred in one of eighty plates in this study.

2.7. Statistical analysis

Numerical data were evaluated for a normal distribution
using the Shapiro-Wilk test and for equal variance using the
Levene median test. Parametric data are presented as means
{#SD) and nonparametric data are presented as medians
(interquartile range [IQR]). Statistical comparisons of para-
metric data were made with Student's t-test for two-group
comparisons and with one-way analysis of variance with post
hoc analysis by the Holm-Sidak method for comparisons
among three or more groups. Nonparametric data were
compared with the use of the Mann-Whitney Rank-Sum test.
Agreement between assay methods was made using Bland~
Altman difference analysis. Receiver operating characteristic
(ROC) curve analysis and other statistical analyses were done
using SigmaPlot software (Version 12.3, Systat Software, San
Jose, CA, USA). P values less than 0.05 were considered to
indicate statistical significance. All experiments were repeated
at least twice, with similar results.

3. Results
3.1, Optimization of GMAb ELISA components and procedure

GMAD concentration measured with the GMAD ELISA using
E. coli- or yeast-derived GM-CSF as the capture antigen was
similar indicating that glycosylation had little effect on capture
antigen function (Fig. 1A, B). Because prior studies indicated
that some rhGM-CSF preparations had a high background
absorption, GM~CSF from multiple sources was evaluated.
Background absorbance in the GMAD ELISA varied significantly
for rhGM-CSF from different suppliers (Fig. 1C). Thus every
batch of rhGM-CSF considered for use as the capture antigen
must be checked for acceptability to ensure a low background
absorbance since higher values will affect the cutoff between
normal and disease (see below). Non-glycosylated rhGM-CSF
produced in E. coli was chosen for use in the standard GMAb
ELISA to minimize potential non-specific binding to the carbo-
hydrate moiety.

Use of an F(ab’), fragment (#A2290) or intact IgG (#A6029)
as the anti-human IgG secondary (detection) antibody in the
GMAD ELISA gave similar results except at higher GMAb
concentrations where the intact IgG gave slightly higher values
(Fig. 2A, B). Since F(ab’), gave good results and was used in our
prior reports (Schoch et al,, 2002; Trapnell et al,, 2003; Uchida
et al,, 2004, 2007, 2009), it was chosen for routine use in the
standard GMAD ELISA to maximize comparability to previously
reported results.
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Fig. 2. Effects of the secondary detection antibody on GMAD ELISA
performance. A. Use of intact goat-anti-human IgG or an F(ab’), fragment
as the detection antibody. Serum GMADb concentration measured with the
GMAD ELISA in parallel using either an F(ab’), fragment (A2290) or intact
anti-human IgG (A6029) as the detection antibody. Each symbol represents
the mean of 3 determinations on the serum sample from a different
autoimmune PAP patient, The median GMAbD concentration (not shown)
determined with the intact IgG secondary antibody was slightly higher than
with the F(ab’), secondary antibody (128 [51-234] vs 118 [43-187] pg/mL;
P < 0.001; n = 29 serum samples; Wilcoxon Signed Rank test). B. Bland and
Altman analysis. All data shown in panel A were evaluated by Bland and
Altman analysis as described in the Materials and methods section.

Patient-derived GMADb PCRS contained three molecular
species similar in molecular mass to 1gG1, IgG2, (predomi-
nant species of roughly equal proportion) and IgG3, and IgG4

Fig. 3. Characterization and performance of a PAP patient-derived GMAD
polyclonal reference standard (PCRS). A. Purity and composition of the PCRS.
PCRS, prepared as described in the Materials and methods section, commer-
cially available IgG heavy chain isotype standards (IgGk 1, 2, 3, or 4), or
molecular weight markers (MWM) were subjected to polyacrylamide gel
electrophoresis under reducing conditions, Coomassie blue staining, and
photography as described in the Materials and methods section. B. Optical
absorbance of the PCRS as a function of concentration. The PCRS was serially
diluted and evaluated as the standard in the GMAD ELISA as described in the
Materials and methods section. Optical absorbance increased smoothly in
proportion with PCRS concentration. Regression analysis using a quadratic
equation yielded a correlation coefficient (R*) of 0.9998. Each point represents
the mean (+SD) of 5 separate measurements. C. Effect of regression method
used on percent error of the PCRS curve rit. Results from 5 independent,
simultaneously conducted experiments determining the optical absorbance of
serial dilutions of the PCRS were subjected individually to linear, quadratic, or
logarithmic regression analysis and the mean (4 SD) percent deviation at each
concentration was determined. The percent error of GMAD concentration was
determined as the measured value minus the expected value divided by the
expected value and multiplied by 100. The mean (£SD) correlation
coefficients for regression analysis of 5 separate experiments (not shown)
were 0.9999 + 0.0001 (quadratic), 0.9969 = 0.0029 (logyp), and 0.9819 =
0.0043 (linear).

(minor species; 0.2-3.5%) (Fig. 3A) consistent with our prior
report that GMAbs from autoimmune PAP patients and
heaithy people are composed primarily of 1gG1 and IgG2
with negligible amounts of 1gG3 and IgG4 (Uchida et al,
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2009). The iCsq of the PCRS was previously shown to be 10.3
molecules of GMADb per molecule of GM-CSF (Sakagami et al.,
2010), similar to values reported for GMAD from a single
patient (10.6), GMADb from serum pooled from 11 patients
(10.3) (Uchida et al., 2007), or the mean value for GMAD from
11 patients determined individually (7.05 + 3.81) (Uchida et
al., 2004). In the GMAD ELISA, optical absorbance increased as
a smooth, slightly curved function of PCRS concentration over
arange from 0,781 to 50 ng/ml (Fig. 3B). Quadratic regression
analysis of optical absorbance versus PCRS concentration
yielded an outstanding correlation coefficient and gave a
lower percent deviation for repeated measurements over the
entire PCRS concentration range than did either linear or log
regression analysis (Fig. 3C).

Evaluation of the initial serum aliquot volume used to
prepare the standard serum dilutions for measurement in the
GMAD ELISA revealed an important source of assay variability.
The mean seruim GMAD concentration was slightly higher with
10wl initial serum aliquots than with 100 pl aliquots but did
not reach statistical significance (Fig. 4A). However, the
percent deviation was significantly greater for smaller aliquots
(Fig. 4B). The total amount of serum transferred to the first
dilution tube includes that intended for measurement (ie.,
serum inside the pipet tip) plus unintentionally included
serum (i.e., serum adherent to the outside and end of the pipet
tip), these findings suggest that unintentionally included
serum comprised a greater fraction of the total amount
transferred when the initial serum aliquot was smaller. The
net effect was a tendency to overestimate GMAD concentration
and markedly increased variability of repeated measurements.

Since dilution is required to reduce the optical absorbance
of PAP patient serum samples on the ELISA plate into a
readable range and experience has shown that the serum
GMAD concentration determined can vary with the dilution
used to make the measurement, we evaluated the effect of
the serum dilution used for determining GMAb concentration
on variability of the results for both PAP patients and healthy
people. As expected, the percent deviation of GMAD concen-
tration was higher for diluted samples with optical absor-
bance values falling outside the range of reference standard
values (‘out-of-range’) (Fig. 5A) at all dilutions (Fig. 5B) in
both PAP patients and healthy controls. In contrast, the
percent deviation was lowest and similar at all dilutions for
PAP patient serum when the absorbance was ‘in-range’
(Fig. 5B). Most PAP patients had an in-range absorbance
value at a dilution of 1/300001 1/6000, with slightly fewer at
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Fig. 4. Effect of serum aliquot volume on GMAD ELISA performance. A. Effect
on serum GMAD concentration. An initial volume of serum either 10 or
100 W was used to measure serum GMADb concentration with the GMAD
ELISA. Bars represent the mean (#:5D) of 20 independent determinations
using the same autoimmune patient serum. The gray line represents the
mean for the data obtained using the 100 pl aliquots of serum. The difference
in median (IQR) GMAb concentration for the assay performed using 10 vs
100 1 initial serum aliquots did not reach statistical significance {64.9
[52.6-73.4] vs 59.3 [56.0-64.8] pg/mL; P = 0.525, n = 20 samples; Mann-
Whitney Rank Sum Test). B. Effect on percent deviation of the serum GMAb
concentration. Data from the experiment shown in panel A were used (o
calculare the percent deviation of the 20 determinations. The mean (= SD)
percent deviation for the assay performed when using 10 wl initial serum
aliquots was markedly higher than with 100l aliquots (17.1 & 8.9 vs
7.1 == 5.2; P < 0.001; n = 20 samples; Student's ¢ test).

1/12,000 and none at 1/100 (Fig. 5B-C). In healthy people, all
dilutions greater than 1/100 had an out-of-range absorbance
with the percent deviation increasing in proportion to the
dilution (Fig. 5B) and all had an in-range or undetectable
value at a dilution of 1/100 (Fig. 5C). These results indicate
that any dilution can be used to determine serum GMAb
concentration as long as the optical absorbance of the diluted
sample is within the range of the reference standard values,
or below the level of detection as in some healthy people.
The specificity of GMAD detection by the GMAD ELISA was
evaluated using PAP patient serum before and after GMADb

Fig. 5. Effect of the choice of serum dilution on determination of GMAD concentration. A, Effect of the sample absorbance to that of the reference standard range.
Separate series of standard dilutions (1/100, 1/3000, 1/6000, 1/12,000) were prepared from serum from 46 autoimmune PAP patients and 32 healthy people and
GMAD concentration were measured for each dilution (184 for autoimmune PAP and 128 for healthy controls) using the GMADb ELISA. Individual measurements
were defined as ‘in-range’ if the optical absorbance for the dilution was within the range of the optical absorbance values for the reference standards, ‘low’ (and
out of range) if the optical absorbance was less than that of the lowest reference standard, and ‘high' (and out of range) if the optical absorbance was greater than
that of the highest reference standard. Only ‘in-range’ values were used to calculate the mean GMAD concentration. In healthy people, the percent deviation for ‘in
range’ values was small (*) and no measurements were greater than the highest reference standard (**). Bars represent the mean (= SD) and the number of
determinations is shown above the error bars. B. Effect of serum dilution factor on percent deviation. Data are derived from the experiments shown in panel A but
shown here as function of the specimen dilution. In healthy people, the percent deviation for ‘in-range’ values was small at the 1/101 dilution (*) and no
determinations were in-range at higher dilutions (**). Bars represent the mean (+SD) and the number of determinations is shown above the error bars. C. Effect
of serum dilution on the frequency of obtaining ‘in range' measurements. Data are derived from the experiments shown in panels A and B. The percentage of
determinations that are ‘in-range’ for each of the standard dilutions (1/100, 1/3000, 1/6000, and 1/12,000) is shown (bars). Gray bar represent measurements
that were ‘in-range’ and the clear bar represents measurements in which GMADbs were undetectable. The cumulative percent of determinations that are ‘in-range’
at each successively greater dilution is shown (open symbols). In healthy people, GMAb values below the LLOQ were accepted as normal and counted as being
in-range.
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Fig. 6. Specificity of the GMAD ELISA. Serum from autoimmune PAP patients
(n = 3) was subjected to GM-CSF affinity chromarography and the unbound
fraction (flow-through) and bound fraction {after elution from the column)
from each was collected as previously described (Lichida et al, 2004). The
GMAD concentration was measured in serum aliquots taken before chroma-
tography and the unbound and bound fractions. All data was normalized to the
serum GMAD concentration for each patient, which was set to 100% Bars
represent the mean {4 SD) amount of GMAb present in serum (hatched bar),
or recovered in the Unbound {open bar} and Bound (solid bar) fractions.

depletion by GM-CSF affinity chromatography performed as
previously described (Uchida et al., 2004). GMADb was readily
detected in serum before depletion, essentially undetectable
in the unbound fraction (i.e., column flow-through), and
approximately 60% of the serum value was detected in the
bound fraction (i.e., bound to the column) recovered after
elution with acidic buffer and neutralization (Fig. 6). These
results indicate that the GMAD ELISA is highly specific for
detection of GMAD in serum.

3.2. GMAD ELISA performance

The accuracy of the GMAD ELISA was evaluated using the
PCRS with ‘spiked’ samples containing known concentrations
of exogenously added, purified GMADs. The standard error
for measurements of GMAD concentration in serial dilutions

Table 1
Concentration response of the calibration curve and accuracy of measuring
GMAD concentration in human serum using the GMAbD ELISA.

Expected Measured Coefficient Standard
concentration, concentration, of variation error (%)
ng/ml ng/ml (100 ~ SD / Mean) (Mean = SD)
(Mean + SD)
Calibration curve®
50 51.9 + 2.3 4.39 43 + 39
25 244 + 07 2.79 25 x 27
125 122 + 04 5.07 4.0 % 35
6.25 58 = 04 6.09 7.7 + 52
3.125 3102 6.35 53 £ 25
1.5625 1.3 + 01 10.58 148 & 7.0
0.78125 0.8 = 0.2 19.41 16.7 = 121
Spiked samples”
10 10.1 &+ 0.6 6.32 54 £+ 29
20 19.0 = 1.1 5.89 6.2+ 4.0
40 418 = 1.7 4.18 45 4+ 4.2

@ Prepared using the autoimmune PAP-patient derived PCRS by serial
dilution in sample dilution buffer.

b Spiked samples were dilution buffers spiked with known concentration
of purified GMAD.

K. Uchida et al. 7 Journal of hmmunological Methods 402 (2014) 57-70

of the PCRS ranging from 50 ng/ml to 1.563 ng/mli (plate
concentration) was less than 15% (Table 1) in accordance
with FDA guidance regarding diagnostic assay performance
{Anonymous, 2001). The standard error of the measurement
at a GMAD PCRS concentration of 0.78125 ng/ml in the well
was 16.7 4+ 12.1% (Table 1), which is less than the limit of
20% specified by FDA guidance to define the LLOQ for the
GMAD ELISA. The standard error of measurement of GMAb
concentration in 'spiked’ human serum samples containing
10, 20, 40 ng/ml GMAD revealed a standard error of less than
7% (Table 1) in accordance with FDA guidance criteria for
assay accuracy {(Anonymous, 2001).

The precision of GMAD ELISA measurements with respect
to well-to-well variability, plate-to-plate variability, day-to-
day variability was evaluated using the three samples from
PAP patients. The coefficient of variation for measurement of
GMAD concentration in patient sera was less than 15% in
accordance with FDA guidance criteria for assay precision
(Anonymous, 2001). The coefficient of variation for mea-
surement of GMAD concentration in spiked samples was also
less than 15% (not shown). The GMAD concentrations in PAP
patient serum measured repeatedly using the GMAD ELISA by
two different operators were similar (Table 2).

Repeated cycles of freezing and thawing of serum had no
effect on measurement of GMAD concentration at low or high
GMAD concentrations (Table 3). Storage of serum samples at
room temperature for 6 h or at — 80 °C for three months had
no detectable effect on measurement of GMAD concentration
(Table 3). Storage of the PCRS at room temperature for 6 h
had no detectable effect on measurement of GMAD concen-
tration (Table 3).

The optimized GMAD ELISA was used to measure serum
GMADb concentration in people previously diagnosed with
autoimmune PAP and in healthy, asymptomatic people. The
serum GMAD concentration in patients with autoimmune PAP
(94.13 [34.64-158.80] pg/ml; n = 44) was markedly higher
than in healthy people (0.28 [0.20-0.51] ug/ml; n = 38)
(Fig. 7A). Serum GMAD concentration was skewed towards
higher concentrations in PAP patients but there was a clear
separation between the two groups (Fig. 7B). ROC curve
analysis in this limited group of patients and controls showed
a good sensitivity and specificity for a diagnosis of autoim-
mune PAP and an optimal cut off value for serum GMAb of
5.0 pg/ml (Fig. 7C, D).

3.3. A new GMAD reference standard as the basis for a
standardized unit of measure

A new immunoglobulin G; subclass, monoclonal GMAb
reference standard (MCRS) was prepared as described in the
Materials and methods section and characterized as for the
PCRS (Fig. 3). The MCRS had a molecular mass similar to IgG1
(Fig. 8A). Functional evaluation in the GMAD ELISA demon-
strated a smooth, slightly curved increase in optical absor-
bance with increasing MCRS concentration over a range from
0.3125 to 20 ng/ml (Fig. 8B). Quadratic regression analysis of
the optical absorbance versus MCRS concentration yielded an
outstanding correlation coefficient and gave a lower percent
error over the entire MCRS concentration range than did
linear or logarithmic regression analysis (Fig. 8C).



K. Uchida et al. / Journal of Immunological Methods 402 (2014) 57-70 65

Table 2
Precision of measuring GMAD concentration in human serum.®

Coefficient of variation®

\

Operator to operator” (Mean = SD) {mcg/ml)

Serum samples® Well-to-well Plate-to-plate Day-to-day Operator 1 Operator 2 P value
PAP patient 1 10.3 117 100.4 + 45 978 = 7.0 0.27
PAP patient 2 9.1 83 142.1 £ 129 1384 = 11.1 0.61
PAP patient 3 45 10.0 240 = 2.5 255+ 2.1 0.47

¢ Coefficient of variation was calculated as defined in the methods. Standard deviation x 100 / mean.
> GMAD concentration of three serum samples were evaluated by two different operators. Data are expressed as mean.
¢ GMAD concentration of three serum samples were evaluated to validate precision of the assay.

To determine the relationship between GMADb concentra-
tion determined using the PCRS ([GMAblpcgs) with that
determined using the MCRS ([GMAblvcrs), standard dilutions
of sera from PAP patients and healthy people were measured
with both reference standards included on the same plate.
[GMAb]ucrs values were ~5-fold less than corresponding
[GMAD]pcrs values; the ratio varied slightly with concentration
resulting in a nonlinear relationship (Fig. 9A). Regression
analysis using linear, quadratic, and cubic fit equations was
done to define the relationship between [GMAb]pcrs and
[GMAb]mcrs. Cubic regression gave the best fit (Fig. 9A). To
confirm this, [GMAblpcrs values were converted to values
equivalent to [GMAblycrs using each set of regression
parameters just described and the percent error was deter-
mined for each measurement. Conversion using cubic equa-
tion parameters gave the lowest for percent error, which was

Table 3
Stability of samples and reagents used in GM-CSF autoantibody assay.

Condition/sample® Concentration P value®

(Mean = SD) ug/ml

Before After

Freeze~thaw (x3) ©

Low 9.398 = 0.9 1046 = 0.67 017

High 3720 £ 244 3766 4+ 161 077
Short term sample storage®

Low 9.398 = 0.9 982 + 069 056

High 3720 £ 244 3864+ 218 049
Long term sample storage®

Low 9.398 = 0.9 9.75 = 0.05 0.54

High 3720 =244 3819+ 1.10 055
Short term reagent storage’

Diluted PCRS,

low concentration

Diluted PCRS,

high concentration

845 =+ 0.56 7.82x 075 031

27.85 = 1.21 2779 +£1.09 095

2 GMAD concentration was measured in separate serum aliquots (n = 3)
from two patients.

b P values were determined by comparison of before and after values
using Student's t-test.

¢ GMAD concentration was measured in serum samples subjected to
freezing to —80 °C and thawing at room temperature three times.

4 GMADb concentration was measured in serum samples before and after
keeping at temperature for 6 h.

¢ GMAD concentration was measured in serum samples before and after
keeping in — 80 °C freezer for 3 months.

! GMAD concentration was measured in aliquots of PCRS diluted to low or
high concentration (indicated) before or 6 h after being kept on the counter
at room temperature for 6 h.

negligible at all GMAD concentrations >0.2 ng/ml in diluted
serum samples (Fig. 9B). Thus, the relationship between
[GMAbJpcrs and [GMADbJucrs was best described as cubic
polynomial. To establish the parameters needed to routinely
convert [GMADJpcrs values into values equivalent of [GMAD]-
Mcrs, SiX independent experiments similar to and including the
one shown above (Panel A) were evaluated simultaneously,
which yielded an excellent correlation coefficient (Fig. 2C).
Thus, the relationship between the GMAb concentration
determined with these two reference standards is given by
the following equation:

F(x) = 0.00002 - x° —0.0028 - x> 4 0.3026 - x—0.0575:

where X is the GMAD concentration in diluted serum in units of
ng/ml determined with the PCRS (i.e., [GMAblpcrs) and F(x) is
the GMAb concentration in ng/ml determined with the MCRS
(i.e., [GMAb]ucrs). To standardize reporting, one international
unit (IU) of GMAD is hereby defined as a GMADb concentration
equivalent to 1 pg/ml measured using the GMADb ELISA as
described in the Materials and methods section with the MCRS
as the reference standard.

To validate the mathematical approach for conversion of
[GMADb]pcgs data to international units equivalent to values
determined with the MCRS, serum GMADb was measured in
12 additional, separate autoimmune PAP patients using the
PCRS (described above) and simultaneously using the MCRS.
A plot of [GMAD]pcrs after conversion to [U against [GMAD]-
mcrs revealed a linear relationship with an outstanding
correlation (Fig. 10A). Bland and Altman analysis confirmed
this agreement for the two values with a difference of less
than 5 IU at all concentrations below 60 1U (Fig. 10B).

To determine the range of normal and abnormal values
for GMAD concentration in international units, serum GMAD
in 56 autoimmune PAP patients and 38 healthy individuals
were measured using the GMADb ELISA with the PCRS and
converted to international units using the equation param-
eters identified (Fig. 11).

4, Discussion

In this study, we optimized a GMAD ELISA (Schoch et al.,
2002) and evaluated its accuracy, precision, and reliability for
measuring serum GMADb concentration. The assay performed
very well in distinguishing patients with autoimmune PAP from
healthy people. A monoclonal GMAD reference standard (MCRS)
was developed as the basis for a new proposed international
unit of measure for GMAb concentration and a method for
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Fig. 7. Measurement and ROC analysis of serum GMAD concentration in autoimmune PAP patients and healthy controls. A. Serum GMAD levels in autoimmune
PAP patients and healthy people. Serum GMAb concentration was measured using the GMAD ELISA with the PCRS in 44 autoimmune PAP patients and 38 healthy
controls as described in the text. B. Histogram of the distribution of serum GMAD concentrations in autoimmune PAP patients and healthy people. Data
represented as a frequency distribution of serum GMAD concentrations in autoimmune PAP patients (filled bars) and healthy people (hatched bars). C~D.
Receiver operating characteristic (ROC) curve analysis of serum GMAD ELISA test results for 44 autoimmune PAP patients and 38 healthy people. Standard ROC
characteristic analysis was performed to determine the sensitivity and specificity for the data shown in panel A. The area under the curve was 1.0 (C), and, at a cut
off value for GMAD of 5.0 ug/ml determined by the software, the sensitivity and specificity of the GMAb ELISA were both 100% (D).

converting GMAb data obtained with the PCRS into interna- of a capture antigen preparation with low baseline optical
tional units was developed. These results facilitate the absorbance minimized non-specific background. Second, use
comparison of serum GMAD concentration testing obtained of an increased initial serum aliquot volume to prepare
in different laboratories thereby facilitating research on this specimen dilutions improved precision. Third, regression of
rare disease. reference standard data with a quadratic equation resulted in a

Several modifications to the original GMAb ELISA were better fit than with linear or logarithmic equations, which
important in improving assay performance. First, identification have been used previously. Fourth, restriction of absorbance

Fig. 8. Characterization and performance of pharmaceutical-grade, GMAD monoclonal reference standard (MCRS). A. Purity of the MCRS. The MCRS was prepared
as described in the Materials and methods section, MCRS, commercially available 1gG heavy chain isotype standards (1gGk 1, 2, 3, or 4), or molecular weight
markers (MWM) were subjected to polyacrylamide gel electrophoresis under reducing conditions, Coomassie blue staining, and photography as described in the
Materials and methods section. B. Optical absorbance of the MCRS as a function of concentration. The MCRS was serially diluted and evaluated as the standard in
the GMAD ELISA as described in the Materials and methods section. Optical absorbance increased smoothly in proportion with MCRS concentration. Regression
analysis using a quadratic equation yielded a correlation coefficient (R®) of 0.999. C. Effect of regression method used on percent error of the MCRS curve fit.
Results from 6 independent, simultaneously conducted experiments determining the optical absorbance of serial dilutions of the MCRS were subjected to linear,
quadratic, or logarithmic regression analysis and the percent deviation at each concentration was determined. The percent error of the [GMAD]pcrs measurement
was calculated as [GMAD]pers minus [GMAbD]ucrs divided by [GMAD[mers multiplied by 100; where [GMAb]pcrs are the unconverted values (None) or values after
conversion using the linear, quadratic, or cubic regression equation parameters (indicated) and [GMAD]pcrs is the value actually determined using the MCRS
(assumed to be the true value). The mean (= SD) correlation coefficients for regression analysis of 6 separate experiments {not shown) were 0.999 + 0.0004
(quadratic), 0.990 + 0.008 (logip), and 0.982 = 0.0168 (linear).
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values used for calculating serum GMAb concentration to
those within range of the reference standards improved
accuracy. Further, any sample dilution with an ‘in-range’
absorbance value was acceptable for determining the GMAb
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concentration. In contrast, some variables had little influence
on GMAD ELISA performance, e.g., glycosylation of the capture
antigen and use of an F(ab’), fragment or intact IgG as the
anti-human IgG detection antibody.

These results help establish a basis for the routine
clinical use of the GMAD ELISA for diagnosis of autoimmune
PAP. First, the accuracy, precision, and reliability of the
GMAD ELISA were within performance parameter guidelines
established by the United States Food and Drug Administra-
tion (Anonymous, 2001). Second, the ranges of serum GMAb
concentrations in autoimmune PAP patients and healthy
people were similar to prior reports utilizing the GMADb ELISA
with a PCRS (Trapnell et al., 2003; Uchida et al., 2004, 2007,
2009). Third, the optimal cut off value of 5 pg/ml for the
upper limit of normal determined by ROC curve analysis in
this study is consistent with passive immunization studies in
non-human primates identifying a serum GMAb concentra-
tion of 5 pg/ml as the critical threshold above which GM-CSF
bioactivity was completely neutralized and the risk of
autoimmune PAP in passively immunized animals is in-
creased (Sakagami et al., 2009, 2010). At this cut off value,
the sensitivity and specificity of the assay were both 100%,
which is improved compared to a prior report utilizing the
assay prior to optimization (Presneill et al, 2004). This is
important given the low prevalence of autoimmune PAP
(Inoue et al., 2008). Notwithstanding, the present study was
not designed to establish the range of normal and abnormal
serum GMAD levels or the sensitivity and specificity of the
GMADb ELISA for a diagnosis of autoimmune PAP. It is also
necessary to establish and validate the cutoff values used to
identify autoimmune PAP and to validate the use of GMAb
ELISA testing and these parameters for the diagnosis of
autoimmune PAP. To this end, a study designed for this
purpose involving subjects from Germany, Italy, Japan, and
the United States (the MICEPAP study) has been undertaken
and will be subsequently reported elsewhere.

One limitation of the GMAD ELISA is that it measures both
neutralizing and non-neutralizing GMADs. This should not be a
problem when the total serum GMAD levels is high as in most
autoimmune PAP patients but could be for values near the
cutoff as can occur in some healthy people (Uchida et al,
2009). In such cases, the measurement of serum GM-CSF
neutralizing capacity using a functional assay may help
determine if such increases are functionally important, ie.,
disrupt GM-CSF signaling. Several cell-based assays are useful
for this including inhibition of GM-CSF-dependent TF1 cell
growth (Uchida et al.,, 2004, 2009) or the GM-CSF-stimulated
increase in whole blood leukocyte surface CD11b levels
(Uchida et al., 2007) or GM-CSF stimulated increase in signal
inducer of transcription 5 (STAT5) phosphorylation in blood
leukocytes (Suzuki et al., 2008). Another limitation relates to
small increases in serum GMAD observed in diseases not
associated with development of PAP (Bendtzen et al, 2007;
Han et al., 2009). For example, in 272 pediatric and 88 adult
patients with Crohn's disease who did not have PAP, the
median serum GMAb concentrations were 2.4 and 11.7 pg/ml,
respectively (Han et al., 2009). Functional testing was helpful
and indicated that GM-CSF signaling was reduced but not
abolished in these patients. Since the clinical symptoms of
autoimmune PAP do not occur in patients without significant
radiographic findings, combining GMAD testing with routine
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chest computed tomography will likely resolve any discrep-
ancy potentially arising from intermediate GMAD values close
to the cutoff. Further, in a typical clinical setting, GMAD testing
would likely be considered after radiographic evaluation had
suggested a diagnosis of PAP. Another limitation is the GMAb
ELISA only detects free GMAD and not GMADb bound to GM-
CSF, which could underestimate the GMADb concentration at
the very low levels in individuals without PAP. This is
illustrated by considering the following: 1) up to 7.8 GMAb
molecules can bind to each GM-CSF molecule (Uchida et al,
2004); 2 more than 99% of serum GM-CSF is bound to GMAD
in healthy people and PAP patients (Uchida et al, 2009);
3) total serum GM-CSF, ie, unbound and GMAD-bound
GM-CSF, is ~3048 pg/ml in healthy people and ~2360 in
aPAP patients (Uchida et al, 2009); 4) the serum GMAD level
in healthy people was 280 ng/ml (this report). Assuming 7.8
GMAD molecules bind to each GM-CSF molecule and the
molecular mass for GMADb is ten times that of GM-CSF, the
amount of GMAb bound to GM-CSF would be 7.8 multiplied by
3048 multiplied 10, or ~237 ng/ml. Thus, in healthy people,
the percentage of GMADb detected by the ELISA would equal
unbound GMAb (280 ng/ml) divided by total GMADb (unbound
and GM-CSF-bound; 280 + 237 ng/ml) multiplied by 100
{conversion to percent) or approximately 54% of total GMAD.
[n autoimmune PAP patients, by similar calculations, ~99.8% of
GMAD would be unbound and therefore detected by the GMAb
ELISA. From above calculations, it is anticipated that GM-CSF
bound to GMAb minimally interfere with the diagnostic
threshold. Further, the lower limit of detection (0.78 ng/ml)
is well below the cutoff for a positive result {5 pg/ml).

The observation that optical absorbance was greater for
the MCRS than for the PCRS can be interpreted in terms of

Fig. 9. Conversion of GMAD concentration data into International units.
A. Comparison of Serum GMAD concentration determined with the PCRS and
MCRS. Separate sets of standard dilutions (1/100, 1/3000, 1/6000, 1/12,000)
were prepared from serum from 14 autoimmune PAP patients and 1 healthy
person. All standard dilutions (60 total) were used to measure GMAD
concentration with the PCRS ([GMAD]pers) and MCRS ([GMADJwicrs) as
described in the legends in Figs. 3 and 7, respectively, in parallel on the same
plate. All in-range values (n = 41; defined in the legend to Fig. 5) are shown
and were used for analysis, The relationship between GMAb concentration
determined using each of the two reference standards was evaluated by linear,
quadratic (not shown to improve readability), or cubic regression analysis. The
correlation coefficients for regression analysis were 0.980 (linear), 0.998
(quadratic), and 1.00 (cubic). B. Effect of regression method and GMAb
concentration range on the accuracy of conversion of [GMAblpcrs to
international units. Using the data and regression equation parameters
determined from the linear, quadric, or cubic regression analysis described
above (panel A), the values for GMAD concentration determined with the PCRS
(IGMADb]pcrs) were converted mathematically to values that would have been
obtained if the MCRS had been used (ie. equivalent to {GMADycgs). The
percent error of the [GMAb]pcrs measurement was calculated as [GMAblpers
minus [GMAb]wcrs divided by [GMADmcrs multiplied by 100; where [GMAbJ-
scrs are the unconverted values (None) or values after conversion using the
linear, quadratic, or cubic regression equation parameters (indicated) and
[GMADByicrs is the value actually determined using the MCRS (assumed to
be the true value). The dashed line represents a percent error of zero.
C. Determining the equation to convert [GMAb]pcrs data to international units.
Data from six independent experiments similar to and including the one shown
in panel A were combined and cubic regression analysis was done to determine
the equation needed to convert data for GMAb concentration determined using
the PCRS into units equivalent to that determined using the MCRS. In total,
serum samples from 55 autoimmune PAP patients and 12 healthy controls were
used for determining the equation. The correlation coefficient (R?) was 0.98343.
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Fig. 10. Validation of the equation to convert [GMAb]Jpcrs data to international
units. A. Comparison of [GMAb]pcrs data before and after conversion to
international units with data determined directly with the MCRS. The
converted PCRS-based data described above was plotted against the
MCRS-based data and evaluated by linear regression analysis. The correlation
coefficient was 0.984. See text for further details. B. Bland and Altman analysis.
The data shown in panel A were used to evaluate the error for the comparison
between [GMAD]pcrs converted to international units and [GMADbJyers by
Bland and Altman analysis as described in the Materials and methods section.

epitope differences: the PCRS has polyclonal epitopes distrib-
uted throughout the entire GM-CSF molecule while the MCRS
targets a single epitope. In the GMADb ELISA, a lower optical
absorbance indicates reduced secondary (detection) antibody
binding, which could be caused by either 1) reduced binding of
GMAD to capture antigen or 2) reduced binding of the
detection antibody to captured GMAD (i.e., fewer ‘targets for
detection or reduced efficiency of target detection). Assuming
that GMADb capture has reached equilibrium, theoreticaily,
reduced binding of PCRS in the GMAb ELISA (compared to
MCRS) could be explained by ‘epitope hiding', perhaps of
less-avid GMADb species, or by reduced access to GM-CSF
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Fig. 11. Normal and abnormal ranges for GMAD concentration expressed in
units of the PCRS, MCRS, and international units. Serum GMAD concentration
in 56 autoimmune PAP patients and 38 healthy people was measured using
the GMAD ELISA with the PCRS and converted into international units using
the equation parameters determined by the analysis shown in Fig. 9C and
was also simuitaneously measured with the MCRS on the same plate. Box
plots show the median (line) and IQR (box top and bottom), and 5th, 95 CI
(circles) for patients with autoimmune 56 PAP patients (aPAP), and 38
healthy people (HP).

adjacent to bulkier complexes of polyvalent PCRS. Neither of
these mechanisms seems likely since capture antigen is in
molar excess of GMADb. Alternatively, since the binding ratio
can be as high as 7.8 molecules of GMAD per GM-CSF molecule
for the PCRS and only one for MCRS, reduced binding of the
detection antibody could be explained by increased steric
hinderance for the polyvalent PCRS-antigen complexes than
for monovalent MCRS-antigen complexes. While we believe
the latter is most likely, these mechanisms are not mutually
exclusive and additional studies would be needed to elucidate
the mechanism.

The availability of a high-quality, monoclonal GMAb
reference standard (e.g., MCRS) should facilitate research on
autoimmune PAP, which is challenged by low prevalence like
many rare diseases. Specifically, the use of a common inter-
national unit of measure for GMAD concentration based on the
MCRS would improve comparability of test results from
different laboratories. To this end, efforts are underway to
establish the GMAD ELISA in multiple reference laboratories in
Japan, Europe, Asia, and the United States. The MCRS and a
common set of serum specimens will be used to calibrate
serurmn GMAD test results between laboratories. Conceivably,
these reagents could also allow GMAD data obtained by other
methods, e.g., serial dilution GMAD titer data (Bonfield et al,,
2002), to be expressed in a common unit of measure. Finally,
the availability of a validated method for converting data
obtained with other GMADb reference standards to internation-
al units may facilitate meta-analysis of published data from
small cases series, which are common in rare diseases.
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CYFRA 21-1 as a disease severity marker for autoimmune
pulmonary alveolar proteinosis
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ABSTRACT

Background and objective: Serum markers, includ-
ing Krebs von den Lungen (KL-6), surfactant protein
(SP)-D, SP-A and carcinoembryonic antigen (CEA), are
reported to reflect autoimmune pulmonary alveolar
proteinosis (APAP) disease severity. We evaluated
serum CYFRA21-1 levels as a marker of APAP.
Methods: In addition to KL-6, SP-D and CEA, we pro-
spectively measured serum CYFRA 21-1 levels in 48
patients with APAP, consecutively diagnosed between
2002 and 2010. Diagnostic usefulness of CYFRA 21-1
was determined from 68 patients with interstitial lung
diseases by receiver operator characteristic curve
analysis. We evaluated the association between these
serum markers and other disease severity markers,
including pulmonary function parameters, alveolar-
arterial oxygen gradient, British Medical Research
Council score reflecting shortness of breath, and
disease severity score. CYFRA 21-1 localization in the
lung was examined by immunohistochemistry.
Results: Receiver operator characteristic curve dem-
onstrated that CYFRA 21-1 effectively identified APAP.
Serum CYFRA 21-1 levels at diagnosis were signifi-
cantly associated with the measured disease severity
parameters. Following whole lung lavage (12 = 10) and
granulocyte-macrophage colony-stimulating factor
(GM-CSF) inhalation (12 = 20), serum CYFRA 21-1 levels
were significantly decreased. Responders (r=11) to
GM-CSF inhalation revealed significantly higher serum
CYFRA 21-1 levels than non-responders (n = 9). Serum
CYFRA 21-1 appeared to be a significant predictor of
effectiveness of GM-CSF based on regression analysis.
Immunohistochemistry showed that CYFRA 21-1 was
localized on hyperplastic alveolar type II cells and
lipoproteinaceous substances in alveoli.

Conclusions: Serum CYFRA 21-1 is a sensitive and
useful serum marker for diagnosis and evaluation of
disease severity of APAP, and may predict the response
to GM-CSF inhalation.
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SUMMARY AT A GLANCE

Serum CYFRA 21-1 is useful for the diagnosis of
autoimmune pulmonary alveolar proteinosis
(APAP) by receiver operating characteristic curve
analysis and significantly correlated with other
disease severity markers of APAP- Serum CYFRA
21-1 might be a predictor of responsiveness to

GM-CSF inhalation therapy in APAP.

Key words: alveolar epithelial hyperplasia, granulocyte-
macrophage colony-stimulating factor, inhalation therapy, rare
lung disease, whole lung lavage.

Abbreviations: APAP, autoimmune pulmonary alveolar
proteinosis; CEA, carcinoembryonic  antigen; GM-CSF,
granulocyte-macrophage colony-stimulating factor; KL-6, Krebs
von den Lungen; PaOq, partial pressure of oxygen; SP, surfactant
protein; WLL, whole lung lavage.

INTRODUCTION

Pulmonary alveolar proteinosis is characterized by
the accumulation of phospholipids and surfactant
protein (SP) in alveolar spaces.’ Impaired alveolar
macrophage function underlies the pathogenesis of
idiopathic pulmonary alveolar proteinosis, which
is caused by a deficiency of the granulocyte-
macrophage colony-stimulating factor (GM-CSF)
in the presence of anti-GM-CSF autoantibodies.*?
Hence, in recent years, idiopathic pulmonary alveolar
proteinosis has been referred to as autoimmune pul-
monary alveolar proteinosis (APAP) when anti-GM-
CSF autoantibodies are detected in the blood.' The
levels of SP-A° SP-BS° SP-D,” carcinoembryonic
antigen (CEA),* Krebs von den Lungen (KL-6)° and
lactate dehydrogenase’ are elevated in the sera of
idiopathic pulmonary alveolar proteinosis patients.
Previously, Seymour and Presneill showed that SP-A
and lactate dehydrogenase levels correlated with
idiopathic pulmonary alveolar proteinosis disease
severity.' Moreover, the levels of CEA' and KL-6'"% in
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