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Abstract

Impaired signaling by granulocyte/macrophage-colony stimulating factor (GM-CSF) drives the
pathogenesis of two diseases (autoimmune and hereditary pulmonary alveolar proteinosis (PAP))
representing over ninety percent of patients who develop PAP syndrome but not a broad spectrum
of diseases that cause PAP by other mechanisms. We previously exploited the ability of GM-CSF
to rapidly increase cell-surface CD11b levels on neutrophils (CD11bgy ace) t0 establish the
CD11b stimulation index (CD11b-Sl), a test enabling the clinical research diagnosis of impaired
GM-CSF signaling based on measuring CD11bgfce by flow cytometry using fresh, heparinized
blood. (CD11b-SI is defined as GM-CSF-stimulated- CD11bgyface Minus unstimulated
CD11bgyrface divided by un-stimulated CD11bgyface multiplied 100.) Notwithstanding important
and unique diagnostic utility, the test is sensitive to experimental conditions that can affect test
performance. The present study was undertaken to optimize and standardize CD11b-SI test for
detecting impaired GM-CSF signaling in heparinized human blood specimens from PAP patients.
Results demonstrated the test was sensitive to choice of anticoagulant, pretesting incubation on
ice, a delay between phlebotomy and test performance of more than one hour, and the
concentration GM-CSF used to stimulate blood. The standardized CD11b-SI test reliably
distinguished blood specimens from autoimmune PAP patients with impaired GM-CSF signaling
from those of health people with normal signaling. Intra-subject differences were smaller than

© 2014 Elsevier B.V. All rights reserved.

"Correspondence: Kanji Uchida, M.D., Ph.D. or Bruce C. Trapnell, M.D. Divisions of Pulmonary Biology and Medicine Cincinnati
Children's Hospital Medical Center Room 4029, CCRF 3333 Burnet Avenue Cincinnati, OH 45229-3039, USA Phone: 513 636 6361
Fax: 513 636 3723 Bruce.Trapnell@cchmc.org *Designated to communicate with the Journal Editor.

Yoshiomi Kusakabe; Y-KUSAKABE@NIFTY.COM

Kanji Uchida; uchidak-ane@h.u-tokyo.ac.jp

Takahiro Hiruma; hirumat-eme@h.u-tokyo.ac.jp

Yoko Suzuki; yoko.suzuki@ruri.waseda.jp

Tokie Totsu; himehime0610@gmail.com

Takuji Suzuki: Takuji.Suzuki@cchmc.org

Brenna Carey: Brenna.Carey@cchmc.org

Yoshitsugu Yamada: yamaday-ane@bh.u-tokyo.ac.jp

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Kusakabe et al.

Page 2

inter-subject differences in repeated measures. Receiver operating characteristic curve analysis
identified a CD11b-SI test result of 112 as the optimal cut off threshold for diagnosis of impaired
GM-CSF signaling in autoimmune PAP for which the sensitivity and specificity were both 100%.
These results support the use of this standardized CD11b-SI for routine clinical identification of
impaired GM-CSF signaling in patients with autoimmune PAP. The CD11b-SI may also have
utility in clinical trials of novel therapeutic strategies targeting reduction in GM-CSF bioactivity
now under evaluation for multiple common autoimmune and inflammatory disorders.

Keywords

Pulmonary alveolar proteinosis; CD11b; Neutrophil; Granulocyte/macrophage-colony stimulating
factor; Flow cytometry; Diagnosis

1. Introduction

Granulocyte/macrophage-colony-stimulating factor (GM-CSF) is a cytokine with pleiotropic
effects on myeloid cells including stimulation of the survival, proliferation, and
differentiation myeloid progenitors, as well as augmentation (“priming”) of host defense
functions of mature macrophages and neutrophils (Lieschke and Burgess, 1992; Condliffe et
al., 1998). Although normally present at low or undetectable levels in vivo (Uchida et al.,
2009), GM-CSF is critical to the normal functioning of blood neutrophils (Uchida et al.,
2007) and alveolar macrophages (Trapnell and Whitsett, 2002). In humans, disruption of
GM-CSF signaling by high levels of neutralizing GM-CSF autoantibodies is associated with
the development of autoimmune pulmonary alveolar proteinosis (autoimmune PAP), a rare
lung disease characterized by surfactant accumulation, respiratory failure, and increased
infections (Kitamura et al., 1999; Trapnell et al., 2003; Uchida et al., 2004; Uchida et al.,
2007). However, GM-CSF autoantibodies are present at low levels in healthy people
(Uchida et al., 2009) and levels do not correlate with disease severity in PAP patients
(Seymour et al., 2003). This apparent paradox is rectified by the concept of a critical
threshold of GM-CSF autoantibodies above which GM-CSF-dependent functions (like
surfactant clearance by alveolar macrophages) are reduced to zero regardless of the
magnitude of the increase above the critical threshold (Bendtzen et al., 2007). Disruption of
GM-CSF receptor function by recessive CSF2RA or CSF2RB mutations causes hereditary
PAP, which is histologically indistinguishable from autoimmune PAP (Martinez-
Moczygemba et al., 2008; Suzuki et al., 2008; Suzuki et al., 2010). PAP also occurs in a
heterogeneous group of diseases either as a consequence of an underlying clinical condition
presumably affecting the alveolar macrophage function (secondary PAP) (Ishii et al., 2009)
or by mutations in genes involved in surfactant production (e.g., SFTPB, SFTPC, ABCA3,
TTF1) (congenital PAP, and PAP associated with interstitial lung disease)(Nogee, 2010;
Whitsett et al., 2004). In genetically modified mice, GM-CSF deficiency causes PAP
(Dranoff et al., 1994) while GM-CSF overexpression causes a syndrome of macrophage
accumulation, tissue damage, and death (Lang et al., 1987). Increased GM-CSF bioactivity
has been implicated in the pathogenesis of rheumatoid arthritis, multiple sclerosis, and other
inflammatory and autoimmune diseases and evaluation of GM-CSF antagonist therapy is
underway in human clinical trials for multiple clinical indications (Hamilton, 2008). These
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observations indicate that GM-CSF bioactivity is tightly controlled in healthy people, that
loss of tight control is involved in the pathogenesis of multiple diseases and suggest the
utility of a clinical test to measure impaired GM-CSF signaling in humans.

CD11b is an cell-adhesion molecule normally present in resting neutrophils within pre-
formed granules that is translocated to the cell surface upon neutrophil activation (Graves et
al., 1992) including after exposure to an increased concentration of GM-CSF (Condliffe et
al., 1998). Previously, we exploited this endogenous priming mechanism in developing the
CD11b stimulation index (CD11b-Sl), a test to measure impaired GM-CSF signaling in
human blood specimens (Uchida et al., 2007). In this assay, fresh, heparinized whole blood
is incubated with and without GM-CSF and the mean fluorescence of CD11b on CD16Mi
leukocytes is measured by flow cytometry to determine the level of cell-surface CD11b on
neutrophils (CD11bgyface). The GM-CSF stimulated increase in CD11bgyface (i-€., the
stimulation index or Sl), is large and readily detected in blood specimens from healthy
individuals and zero or severely reduced in patients with autoimmune PAP or hereditary
PAP (Uchida et al., 2007; Suzuki et al., 2008; Uchida et al., 2009). In the present study, we
evaluated and optimized the experimental conditions of the CD11b-SI assay and then
validated the test using clinical specimens from patients previously diagnosed with
autoimmune PAP and from healthy people.

2. Methods

2.1. Participants

The institutional review board of the Cincinnati Children's Hospital Medical Center
(CCHMC) and the University of Tokyo Graduate School of Medicine approved the study.
All participants or their legal guardians gave written informed consent, and minors gave
assent. Participates included 10 individuals referred for evaluation or treatment of
autoimmune PAP diagnosed 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 GMADb test performed as described (Uchida et al., 2014). We also
studied 34 healthy control subjects who were nonsmokers with no history of major illness
and symptom-free at the time of enrollment in the study. Data for some individuals were
previously reported (Uchida et al., 2007; Uchida et al., 2009, Han et al., 2009).

2.2. Reagents

Primary antibodies included FITC- or PE-conjugated anti-human CD11b, PE-conjugated
anti-human CD16 (Miltenyi Biotec K.K., Tokyo, Japan); FITC-rat IgG (isotype control)
(abcam, Cambridge, UK); anti-human CD11b monoclonal (BioLegend, San Diego, CA);
anti-human phospho-STATS5 (Millipore, Billerica, MA). Secondary detection antibody (anti-
rat IgG-HRP(HAF005)) was from R&D systems (Minneapolis, MN) and anti-mouse IgG-
HRP was from GE Healthcare (Little Challfont Buckinghamshire, UK). HRP-conjugated
anti-actin antibody was from Santa Cruz Biotechnology (Dallas, TX). E. coli-derived
recombinant human GM-CSF was from ATGen (Seongham, South Korea). Recombinant
cytokines, and other proteins included G-CSF, C5a, Interleukin (IL)-6, IL-8, I1L-10,
Interferon (IFN)-B, IFN-y (all from Wako, Osaka, Japan).
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2.3. Flow Cytometry

Evaluation of neutrophils by flow cytometry was performed as previously described (Uchida
et al., 2007). Briefly, 200 pL of whole blood in a 1.5 ml polypropylene tube was incubated
(37°C, 30 minutes) with recombinant human GM-CSF (10 ng/mL) or other cytokines /
chemokines, placed on ice immediately. An aliquot (50 uL) of each was mixed with 50 pL
of ice-cold PBS containing FITC-conjugated anti-human CD11b antibody (4 pL, undiluted)
and PE-conjugated anti-human CD16 antibody (4 pL, undiluted) in a polystyrene round-
bottom tube (BD Bioscience, San Jose, CA) and incubated (4°C, 30 min, in darkness). After
adding 2 mL of FACS lysing solution (BD Biosciences, San Jose, CA), incubation (room
temp, 10 min), tubes were centrifuged (300 x g, room temp, 5 min). The cell pellets were re-
suspended in 200uL of PBS and stored in 4 °C in the dark until evaluation by flow
cytometry. The amount of cell-surface CD11b on neutrophils ([CD11bgy face]) Was
measured by flow cytometry as mean fluorescent intensity of FITC on CD16"! cells defined
by gating. The CD11b stimulation index (CD11b-SI) was calculated using the following
equation

CD11b—SI= ([CDllb CD11b x100/[CD11b

surface}+GM,CSF - [ S\n'face]NU GM,CSF) Surface]No GM_CSF

where [CD11bgrfacel+cMm-csk represents [CD11bgrface] after incubation with GM-CSF and
[CD11bgyrfacelNo GMm-csk represents [CD11bgyface] after incubation without GM-CSF. In
some experiments, cytoplasmic CD11b was stained with PE-CD11b (4 ul, undiluted) using
the Intracellular Cytokine Staining Kit (eBioscience, San Diego, CA) as per manufacturer's
instructions.

2.4. Western blotting

Heparinized whole blood was incubated with or without GM-CSF (10ng/mL, 37°C, 15min)
and red blood cells were lysed with lysing buffer (BD Pharmlyse™, BD Biosciences, San
Jose, CA). After washing with ice-cold PBS, cells were extracted with protein extraction
buffer (M-PER® #78501) containing protease inhibitor cocktail (0.5% v/v), phosphatase
inhibitor cocktail (1% v/v) (all from Thermo Scientific, Rockford, IL), and EDTA (5 mM).
Protein extracts were suspended in sample loading buffer, layered onto AnykD gradient gels
(Bio-rad, Hercules, CA), separated by gel electrophoresis (100 V, 150 minutes) and
transferred (Transblot™, Bio-rad, Hercules, CA) onto PVDF membranes (Immobilon,
Merck Millipore, Billerica, MA), per manufacturer's instructions. Membranes were
incubated with either murine anti-CD11b monoclonal antibody (10 ul from the vial diluted
in 500 pl of immunoblotting buffer (Uchida 2009) (BioLegend, San Diego, CA) or murine
anti-phospho- STAT5 antibody (5 pl from the vial diluted in 1000 pl of immunoblotting
buffer (Millipore, Billerica, MA) and detection was done using ECL plus™ (GE healthcare,
Little Chalfont, UK). Band intensity of CD11b was quantified by Image Quant TL Analysis
Toolbox Ver 7.0 (GE Healthcare, Pittsburgh, PA).

2.5. Statistical Analysis

Numerical data were evaluated for a normal distribution using the Kolmogorov-Smirnov test
and for equal variance using the Levene median test; parametric data are presented as mean
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(xSD) and nonparametric data are presented as median and interquartile range (IQR).
Statistical comparisons of parametric data were made with Student's t-test for two-group
comparisons and with one-way analysis of variance with post hoc analysis according to the
Holm-Sidak method for multiple-group comparisons or Dunnett's method for multiple
comparisons versus control. Nonparametric data were compared with the use of the Mann-
Whitney rank-sum test. Intra- individual percent variation was calculated as the average, for
all measured values from each person, of the value minus the mean of all values for an
individual divided by the mean and multiplied by 100. Inter-individual percent variation was
calculated as the average, for all individuals, of the final value for each individual minus the
mean for all individuals divided by the mean for all individuals and multiplied by 100.
Receiver operating characteristic (ROC) curve and all other statistical analyses were done
using SigmaPlot software, version 12 (Systat Software, SanJose, CA). P values less than
0.05 were considered to indicate statistical significance and are denoted by asterisks (P<0.05
- *: P<0.01 - **; P<0.001 - ***). All experiments were repeated at least twice with similar
results.

3.1. Optimization of CD11b-SI components and procedure

Neutrophils in fresh heparinized whole bloodidentified by CD16 immunostaining (Figure
1A-B) had detectable levels of cell-surface CD11b (CD11bg ace) at baseline (i.e., without
stimulation) in both healthy individuals (1C) and autoimmune PAP patients (1D). GM-CSF
stimulated a significant increase in CD11bgy ace in blood from healthy individuals (Figure
C) but not in blood from autoimmune PAP patients (Figure D). The change from baseline
CD1bgyrface increased with GM-CSF concentration and reached saturation at ~10 ng/mL in
healthy people and was severely blunted with little increase in patients with autoimmune
PAP (Figure 1E). To exploit this GM-CSF-stimulated change in CD11bgyface @S @ measure
of impaired GM-CSF signaling in clinical samples, we first optimized experimental
conditions to establish a standardized test to measure impaired GM-CSF signaling in whole
blood.

The effect of anticoagulant on CD11bgf,ce Was evaluated in fresh whole blood collected
into either EDTA- or heparin-containing phlebotomy specimen tubes. Baseline, un-
stimulated CD11bgyface Was not different among blood specimens collected using EDTA or
heparin (P=0.174). In contrast, the GM-CSF-stimulated increase in CD11bgyrface Was
smaller when EDTA was used for phlebotomy compared to samples collected in heparin
(Figure 2).

Blood is frequently collected at room temperature and maintained / evaluated at room
temperature, on ice, or at 37 °C, depending on assay requirements. Therefore, we evaluated
the effect of temperature on baseline CD11bgace USiNg fresh whole blood collected at
room temperature (~25°C), and then maintained briefly at different combinations of these
three temperatures. When blood was incubated at 25 °C and then at 37 °C (30 min each) or
maintained at 37 °C for 60 min, baseline CD11bgface Was unaffected (Figure 3). However,
when blood was incubated at 0°C and then at 37 °C (30 min each), CD11bgyface increased
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by 140% (Figure 3). Consequently, subsequent studies were conducted with blood
maintained at room temperature before evaluation.

Next we evaluated potential effects of time before blood specimen evaluation on baseline
CD11bgyrface- The ability of neutrophils to exhibit an increase in CD11bgyrface after
incubation of heparinized whole blood with 10 ng/mL GM-CSF compared to baseline
CD11bgyrface (henceforth, change in CD11bgyrface (%)) Was robust immediately after
phlebotomy but markedly diminished after 1 day and declined further thereafter (Figure 4).
In contrast, when blood was stimulated and then stained and fixed immediately after
phlebotomy, flow cytometric analysis could be performed for up to seven days with little to
no effect on the change in CD11bgyface (Figure 4).

To further explore the effects of time and temperature on the change in CD11bgface, We
evaluated the effects of a short-term delay between phlebotomy and testing for freshly
isolated, heparinized whole blood stored at various temperatures. CD11bgyface remained
constant for up to 6 hours when blood was kept on ice but increased progressively when
blood was kept at room temperature (and even faster when blood was kept at 37 °C) during
this time period (Figure 5A). In parallel, the change in CD11bgyface declined over the time
period for blood maintained at 25 °C (Figure 5B).

To better understand the mechanism of the GM-CSF-stimulated increase in CD11bgrface,
the spatial distribution of CD11b within neutrophils (i.e., in the cytoplasm or on the cell-
surface) was evaluated before and after GM-CSF stimulation using several methods.
Simultaneous detection of CD11bgface and cytoplasmic CD11b (CD11bcytoso) in cells
double-immunostained with FITC-CD11b or PE-CD11b, respectively (Figure 6A-B),
revealed that CD11bgyface increased by 150 % with GM-CSF stimulation (Figure 6C). In
contrast, CD11bcytos0) decreased by ~11% and CD11bty was not different (Figure 6C).
CD11bTotal was also unchanged by GM-CSF-stimulation when both CD11bgyface and
CD11bcytosol Were measured together using the same detection antibody/chromophore
(FITC-anti-human CD11b) (Figure 6D) or when measured by western blotting (Figure 6D).
Finally, CD11bgyrface gradually increased while CD11bcytoso) gradually decreased in fresh
whole blood maintained at 25 °C for 6 hours (Figure 6E). Together, these results indicate
that GM-CSF stimulates pre-formed CD11b located within the neutrophil to translocate to
the cell surface after stimulation.

The specificity of the change in CD11bgyface Was evaluated by comparing the change in
CD11bgyface Stimulated by GM-CSF to that caused by a wide range of pro- and anti-
inflammatory mediators. Compared to baseline, GM-CSF stimulated a greater increase in
CD11bgyrface than did 1L-8, IL-6, G-CSF, interferon IFN-B, IL-10, IFN-y, and complement
fragment 5a (Figure 7).

Taken together, these results indicate that GM-CSF specifically stimulates neutrophils
causing a robust and rapid translocation of pre-formed, intracytoplasmic CD11b to the cell
surface.
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3.2. CD11b-SI Test performance

Next, we evaluated the ability of the standardized test to identify impaired GM-CSF
signaling in whole blood in patients with autoimmune PAP in whom GM-CSF signaling is
known to be impaired by high concentrations of neutralizing GM-CSF autoantibodies and in
healthy people in whom GM-CSF signaling in blood leukocytes is present and readily
detectable (Uchida et al., 2009). The baseline level of CD11bgy face in autoimmune PAP
patients was higher than in healthy individuals (101.4 £+ 63.2, 170.2 £ 75.4, n= 25, 10,
respectively, p=0.010; not shown). At the standardized concentration for testing (10 ng/mL),
GM-CSF stimulated a mean increase from baseline in CD11bgface OF ~450% in 22 healthy
people but no increase in 5 patients with autoimmune PAP (Figure 8). The difference in
GM-CSF-stimulated CD11bgface between healthy people and autoimmune PAP patients
was also observed at lower (1 ng/ml) and higher (100 ng/ml) GM-CSF stimulating
concentrations, although there was a small increase (that remained significantly different
from healthy controls) (Figure 8).

We determined CD11b stimulation index or CD11b-SI as change in CD11bgyface at 10
ng/mL of GM-CSF to maximize discrepancies between healthy controls and patients with
PAP. The precision of the CD11b-SlI test for measuring impaired GM-CSF signaling in
clinical blood specimens was evaluated by measuring the inter-subject and intra-subject
variation in fresh heparinized whole blood from nine healthy people (Figure 9A). The
coefficient of variation for repeated measures in the same subject was 5.3 + 3.5%, which is
less than 15% in accordance with FDA guidance criteria for assay precision (Anonymous,
2001) (Figure 9B). Further, the coefficient of variation for measurements within subject
measurements was less than that for measurements between subjects (Figure 9B). These data
indicate the CD11b-SlI test is reliable and can be used to measure impaired GM-CSF
signaling in clinical blood samples.

3.3. Diagnostic cutoff of the CD11b-SI

To further support the diagnostic use of the CD11b-SI test to diagnose impaired GM-CSF
signaling in human clinical specimens, we measured the CD11b-SI in people previously
diagnosed with autoimmune PAP and in healthy, asymptomatic people. The CD11b-Sl in
patients with autoimmune PAP (3.61 [-7.97 — 10.95]; n = 10) was markedly lower than in
healthy people (321 [195 - 524]; n = 34) (Figure 10A). There was a clear separation between
the high values in healthy people and the low values in autoimmune PAP patients (Figure
10B).

Receiver operating characteristic (ROC) curve analysis for these results demonstrated the
sensitivity and specificity to be 100% (Figure 10C) and identified an optimal cut off

threshold value for the difference between normal and abnormal CD11b-SI values (i.e., in
healthy people and patients with autoimmune PAP, respectively) to be 112 (Figure 10D).

4. Discussion

In this study, we optimized the experimental conditions of the CD11b-SI test (Uchida et al.,
2007) and then evaluated the reliability of the optimized test for detecting impaired GM-
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CSF signaling in heparinized human blood specimens. In healthy people, GM-CSF rapidly
stimulated a robust translocation of pre-formed CD11b to the cell surface of neutrophils
while in patients with autoimmune PAP, this translocation response was blocked. The assay
performed very well in distinguishing impaired GM-CSF signaling in autoimmune PAP
patients from normal signaling in healthy people for which the sensitivity and specificity
were both 100%.

These results help establish a basis for the routine clinical use of blood testing for the
differential diagnosis of PAP. The serum GM-CSF autoantibody ELISA test (GMADb
ELISA) used to measure GM-CSF autoantibodies (Schoch et al., 2002) was recently
optimized and found to have a sensitivity and specificity of 100% for diagnosis of
autoimmune PAP (Uchida et al., 2014). The diagnostic use of the GMAb ELISA was
supported by the demonstration that GM-CSF autoantibodies are the cause and not an
associated epiphenomenon of autoimmune PAP (Sakagami et al., 2009; Sakagami et al.,
2010). Support was also provided by a critical threshold of GM-CSF autoantibodies
(Bendtzen et al., 2007) above which the risk of PAP is increased in non-human primates
injected with patient-derived GM-CSF autoantibodies (Sakagami et al., 2010) and in humans
(Uchida et al., 2009) and by ROC curve analysis confirming the value of the critical
threshold (~5 pg/ml) using the optimized GMAb ELISA (Uchida et al., 2014).
Notwithstanding, while the latter demonstrated most healthy people and autoimmune PAP
patients have GMAb ELISA test results below 3 pg/ml or above 9 pg/ml, respectively, it
identified an intermediate concentration range (>3, <9 ug/ml) in which diagnostic utility
may be reduced by proximity to the critical threshold. The CD11b-SI test, by measuring
impaired GM-CSF signaling in whole blood, can be used to determine the functional
significance of an increased GM-CSF autoantibody level when the GMAb ELISA test result
is near the critical threshold. Results identified a CD11b-SI of 112 as the optimal cutoff
value for distinguishing specimens known to have impaired GM-CSF signaling (e.g.,
autoimmune PAP) from those of healthy people. However, as a conservative approach to
test interpretation, we recommend that test results between 90 and 120 be ‘read’ as
intermediate since data from healthy people or PAP patients to confirm this cutoff were not
available in this range. Additional studies may be useful in further evaluating the accuracy,
precision, ruggedness of the CD11b-SI for routine clinical use as a diagnostic test. In seven
patients with hereditary PAP caused by disruption of GM-CSF receptor function, we found
no significant response to GM-CSF stimulation using the CD11b-SI test (Suzuki et al.,
2010). Thus, the combination of compatible radiographic findings, a normal GMAb ELISA
test result and an abnormal CD11b-SI test result suggest a diagnosis of hereditary PAP.
Further, since stimulation at very high concentrations of GM-CSF can stimulate an increase
in CD11bgyface iN autoimmune PAP but likely not in hereditary PAP, the use of additional
higher concentrations may be useful in the differential diagnosis of hereditary versus
autoimmune PAP. However, further studies will be needed to explore and validate such an
approach.

The CD11b-SI test may also be useful in other clinical or clinical research settings. For
example, since CD11bgface reflects neutrophil activation, it may be useful in patients with
increased GM-CSF bioactivity such as serious infectious or inflammatory diseases (Shakoor
and Hamblin, 1992; Palmer and Hamblin, 1993; Cook et al., 2013). Finally, it may be useful
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as an outcome measure in clinical trials aimed at reducing GM-CSF bioactivity, e.g., in
autoimmune or inflammatory diseases (Cook et al., 2013), or the functional evaluation of
cross-reacting anti-drug antibodies in individuals treated with recombinant human GM-CSF
(Wadhwa et al., 1999). Finally, since this assay measures GM-CSF neutralizing capacity in
the serum, it may be useful to monitor autoimmune PAP patients for spontaneous
improvement or remission as expected if the GMAb were to fall below critical threshold
(Uchida et al., 2009; Uchida et al., 2014).

One limitation of the CD11b-SlI test is the short time period after phlebotomy during which
the test must be conducted in order to obtain useful results. The GM-CSF-stimulated
increase in CD11bgyface begins to diminish by 1 hour after phlebotomy, and is markedly
blunted by 6 hours, and near zero by 24 hours. This effect is due to an increase in baseline
CD11bgyface Caused by generation of lysophosphatidylcholines during blood storage, which
have potent priming effect on neutrophils (Silliman et al., 1994). Neutrophils undergo
apoptosis spontaneously with time after phlebotomy, however, this is not significant at times
less than three hours (Homburg et al., 1995, Uchida et al., 2007). These time-dependent
effects can be overcome by conducting the GM-CSF stimulation component of the test
followed by immunostaining and blood fixation within 1 hour of phlebotomy, after which
flow cytometric analysis can be delayed for up to 6 days without compromising the results.
Another limitation is the sensitivity of CD11bgface to changes in the temperature at which
blood is kept before testing — i.e., placement on ice followed by warming to either room
temp. or 37°C, which has been reported previously (Shalekoff et al., 1998). In contrast,
maintaining blood at 25 or 37°C gave acceptable results similar to a previous report
(Youssef et al., 1995). Use of EDTA as the coagulant also reduced the GM-CSF- stimulated
increase in CD11bgy face, CONsistent with the contribution of calcium ions to the
translocation CD11b to the cell surface (Silliman et al., 2003). Variation in flow cytometer
setting-dependent effects (e.g., variable laser output and machine settings) is a limitation
(not evaluated here) that could significantly affect test results from day to day, especially if
results are reported as a continuous variable corresponding to the numeric value of the
CD11b-SI and interpreted based on normal and abnormal ranges of the test result. Finally,
the magnitude of the GM-CSF-stimulated CD11bgtace (Figure 8) and the ability to detect
impaired GM-CSF signaling in blood specimens from autoimmune PAP patients (Bendtzen
et al., 2007) varied with the concentration of GM-CSF used for stimulation. Thus,
CD11bgyface measurement is highly sensitive to pre-analytical conditions of blood
preparation and storage as noted in prior efforts to standardize the measurement of
neutrophil CD11bgface (Latger-Cannard et al., 2004).

Our approach to these limitations has been to standardize/control the CD11b-SI assay with
respect to each variable. In our standardized CD11b-SI test, blood is collected into sodium
heparin- containing phlebotomy tubes, kept at room temperature (~25°C), stimulated with
GM-CSF at a standard concentration (10 ng/ml) within 1 hour after phlebotomy, stained and
immediately fixed. Blood from a healthy donor is collected and evaluated in parallel to
control for day-to-day, machine, and inter-operator variability. Samples are then subjected to
flow cytometric analysis as soon as possible usually in <24 hours, the data are expressed as a
percent increase from baseline in CD11bgyface Of the GM-CSF-stimulated sample. The test
result is reported as a dichotomous variable - either “positive” or “negative” for GM-CSF
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signaling. These conditions have permitted the CD11b-SI test to be performed rapidly and
reliably using whole blood specimens without any purification steps in the context of basic
or clinical research. Because neutrophils in autoimmune PAP patients have normal
ultrastructure, express expected phenotypic markers, and increase CD11bgyface after
removal of GM-CSF autoantibodies, impaired CD11b-SI test results are interpreted as
demonstrating the presence of functional GM-CSF autoantibodies (or the neutralizing
capacity of whole blood) (Uchida et al., 2007; Uchida et al., 2009). Consequently, we have
used the CD11b-SI to evaluate impaired GM-CSF signaling in autoimmune PAP patients
(Uchida et al., 2007; Uchida et al., 2009), animal autoimmune PAP model with non-human
primates induced by passive transfer of GM-CSF autoantibodies purified from patients
(Sakagami et al., 2009; Sakagami et al., 2010), and other inflammatory diseases (Han et al.,
2009).
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Fig. 1.
Evaluation of CD11bgface ON the neutrophil in the whole blood: an assay to measure the

GM-CSF-stimulated increase in cell-surface CD11b on neutrophils in whole blood. A.
Representative leukocyte cytogram. Whole blood was processed and evaluated by flow
cytometry as described in the Methods. B. Identification of neutrophils by gating on CD16.
Immunostained leukocytes were gated for phycoerythrin (PE)-fluorescence to identify
neutrophils as a distinct CD16M! population. C-D. Quantification of neutrophil cell-surface
CD11b (CD11bgyface) for a healthy control (C) and a patient with autoimmune PAP (D).
Representative histogram of the fluorescence intensity in neutrophils from healthy control.
open area — no GM-CSF stimulation; filled area — after GM-CSF stimulation. E. Percent
change in CD11bgyface for healthy individual (HC) and patient with autoimmune pulmonary
alveolar proteinosis (PAP).
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Fig. 2.

Anficoagulant

Effect of anticoagulant on baseline and GM-CSF-stimulated CD11bgyface- Fresh blood was
collected from healthy people into ethylenediaminetetraacetic acid (EDTA) — or sodium
heparin-containing phlebotomy tubes and the mean fluorescence intensity (MFI) of CD11b
on CD16Mi-gated neutrophils (CD11bgyface) Was measured after stimulation with 10 ng/ml
GM-CSF using the CD11b-SI test as described in the Methods. Bars represent the mean +
SD for n = 3 per condition. Comparisons were made by ANOVA with Dunnett's test; *** =

P<0.001.
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Fig 3.

Ef?‘ect of change in the temperature at which blood was maintained before testing on the
CD11bgyface- Fresh, heparinized whole blood was collected from healthy people by
phlebotomy and immediately incubated at 0°C, 25°C, or 37°C for 30 min (incubation period
1) followed immediately by incubation at 37°C for 30 min (incubation period 2) and then
CD11bgyface Was measured as described in the Methods. For each sample, the CD11bgrface
at the end of incubation period 2 was subtracted from the CD11bgf4ce at the end of
incubation period 1, divided by the CD11bgface at the end of incubation period 1 and
multiplied by 100 percent. Positive values indicate an increase in CD11bgyface after
incubation period 2 compared to after incubation period 1. Bars represent the mean + SD for
n = 3 per condition. Comparisons were made by ANOVA with Dunnett's test; *** =
P<0.001.
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Fig. 4.
Effect of time between GM-CSF stimulation/fixation and evaluation by flow cytometry on

the change in CD11bgface- Fresh, heparinized blood was collected from healthy people,
incubated with or without GM-CSF within 1 hour of phlebotomy, staining with antibodies to
CD11bgyrface, and fixed (closed symbols) or stored at room temperature for various times
(open symbols) before stimulation, immunostaining and analysis by flow cytometry as
described in the Methods. Symbols represent the mean + SD for n = 3 per point.
Comparisons to the corresponding value on day zero were made by ANOVA with Dunnett's
test; * = P<0.05, *** = P<0.001.
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Ef?‘ects of temperature of blood after phlebotomy and delay in analysis on change in
CD11bgyrface- A. Effect of temperature on CD11bg face €Xpression levels. Fresh,
heparinized blood was collected and maintained at the indicated temperatures and then
CD11b expression levels were evaluated as described in the Methods. B. Effect of a short
delay prior to analysis on the change in CD11bgface Stimulated with 10ng/mL of GM-CSF.
Fresh, heparinized blood was kept at 25°C for various times before evaluation by the change
in CD11bgy ace as described in the Methods. Symbols represent the mean + SD for n = 3 per
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point. Comparisons to the corresponding value at zero hours were made by ANOVA with
Dunnett's test; * = P<0.05, ** = P<0.01, *** = P<0.001.
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GM-CSF-stimulated translocation of CD11b to the neutrophil cell-surface. A,B. Fresh,
heparinized blood from healthy people was evaluated for the level of CD11b except that
cells were first immunostained with FITC-anti-human CD11b to measure CD11bg face
(open bars), washed, permeabilized and stained with PE-anti-human CD11b to measure
cytosolic CD11bcyrosol (filled bars) as described in the Methods. A. Representative
cytograms of neutrophils stained to show CD11bgyface (horizontal axis) and CD11bcytosol
(vertical axis) with or without GM-CSF stimulation (indicated). B. Bars represent the mean
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+ SD for n = 3 per condition. C. Both CD11bgyface and CD11bcytoso) Were evaluated with
methods described above (legends to Panel A,B) with FITC-anti-human CD11b for both to
measure total neutrophil CD11b levels. Bars represent the mean + SD for n = 3 per
condition. D. Quantification of total CD11b by western blotting. Proteins of white blood cell
in the whole blood incubated with or without GM-CSF (10 ng/mL) was evaluated by gel
electrophoresis and western blotting to quantify CD11b, phosphorylated-STATS5 (as a GM-
CSF stimulation control), or actin (as a loading control), and CD11b band intensity
quantified by densitometry as described in the Methods. Bars represent mean + SD forn=4
determinations per condition. E. Cytosolic CD11b translocation to the neutrophil cell surface
with time. Fresh, heparinized blood from healthy people was incubated at room temperature
for various times before differential immunostaining to quantify CD11bgyface (Open bars)
and CD11bcytosor (filled bars) as described above (legend to Panel A). Bars represent the
mean + SD of n = 3 per condition. Comparisons were made by Student's t test (A-C) or
ANOVA (D); * = P<0.05, *** = P<0.001.
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Fig. 7.
Capacity of GM-CSF and other neutrophil activators to increase CD11bgyface- Fresh,

heparinized blood from healthy people was incubated without or with GM-CSF or other
cytokines, chemokines, and inflammatory molecules including interleukin 8 (I1L-8), I1L-6,
granulocyte-colony stimulating factor (GCSF), interferon 8 (IFN), IL-10, IFNy, and
complement fragment 5a (C5a), 10ng/mL each as indicated, and the percent increase in
stimulated over baseline CD11bgyface as described in the Methods. Comparisons were made
by ANOVA using the Holm-Sidak method for multiple comparisons; *** = P< 0.001.
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Fig. 8.

Detection of impaired GM-CSF signaling in human blood specimens. Fresh, heparinized
blood was collected from healthy people (n = 22; gray bars) or patients with autoimmune
PAP (n =5, closed bars) and percent increase of CD11bgyface OVer baseline as described in
the Methods except that different GM-CSF concentrations were used for stimulation
(indicated). Comparisons were made by the Mann-Whitney rank sum test with post-hoc
analysis using Dunnett's test. comparison of corresponding values for healthy people or PAP
patients to the un-stimulated control (no GM-CSF) are indicated; * = P<0.05. Comparison of
values for healthy people and PAP patients at each level of GM-CSF stimulation are also

indicated; 11 = P<0.01, 11 = P<0.001.
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Fig. 9.
Precision of the CD11b-SI test measurements in healthy people. A. Fresh, heparinized blood

was collected from healthy people (n = 9, A-l) and evaluated repeatedly in independent
CD11b-SI test procedures (n = 5 per person). Shown are the individual determinations and
mean for each individual (separated by gray dashed lines). Each symbol represents an
independent determination. B. Evaluation of the percent variation among repeated
determinations of CD11b-SI within the same subject (intra-subject) or between different

J Immunol Methods. Author manuscript; available in PMC 2015 November 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Kusakabe et al.

Page 24

subjects (inter-subject), calculated as described in the Methods. Comparison was made using
Student's t test; ** = P<0.01.
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Fig. 10.

Measurement and ROC Analysis of CD11b-SI in autoimmune PAP patients and healthy
people. A. CD11b-SlI test values in autoimmune PAP patients (10) and healthy people (34)
measured as described in the Methods. B. Histogram of the frequency distribution of
CD11bSI test values in healthy people (open bars) and autoimmune PAP patients (filled
bars). C-D. Receiver operating characteristic (ROC) curve analysis of CD11bSlI results for
10 autoimmune PAP patients and 34 healthy people. Standard ROC analysis was performed
to determine the sensitivity and specificity for the data shown in Panel A. The are under the
curve was 1.0 (C), and, at a cut off value for CD11bSlI of 112 determined by the software,
the sensitivity and specificity of the CD11b-SI were both 100% (D).
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