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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 PAPj), 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, 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 CSFZRA or CSFZRB mutations causes hereditary
PAP, which is histologically indistinguishable from autoim-
mune PAP (Martinez-Moczygemba et al., 2008; Suzuki et al,
2008, 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, SFIPC,
ABCA3, TIF1) (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 indica-
tions (Hamilton, 2008). These 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 a 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-SI), 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 fluores-
cence of CD11b on CD16" leukocytes is measured by flow
cytometry to determine the level of cell-surface CD11b on
neutrophils (CD11bsysface). The GM-CSF stimulated increase in
CD11bsyrface (i€, the stimulation index or SI), 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, 2009; Suzuki et al,
2008). 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 partici-
pants 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
GMAD 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, 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 KK., Tokyo, Japan); FITC-rat IgG (isotype control)
(abcam, Cambridge, UK); anti-human CD11b monoclonal
(Biolegend, San Diego, CA); anti-human phospho-STAT5
(Millipore, Billerica, MA). Secondary detection antibody (anti-
rat IgG-HRP(HAF0O05)) was from R&D systems (Minneapolis,
MN) and anti-mouse 1gG-HRP was from GE Healthcare
(Little Challfont Buckinghamshire, UK). HRP-conjugated
anti-actin antibody was from Santa Cruz Biotechnolog
(Dallas, TX). E. coli-derived recombinant human GM-CSF
was from ATGen (Seongnam, South Korea). Recombinant
cytokines, and other proteins included G-CSF, C5a, Interleukin
(IL)-6, IL-8, IL-10, Interferon (IFN)-p, [FN-y (all from Wako,
Osaka, Japan).

2.3. Flow cytometry

Evaluation of neutrophils by flow cytometry was per-
formed as previously described (Uchida et al., 2007). Briefly,
200 L 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 pL) 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 polysty-
rene 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 xg, room
temp, 5 min). The cell pellets were re-suspended in 200 uL of
PBS and stored in 4 °C in the dark until evaluation by flow
cytometry. The amount of cell-surface CD11b on neutrophils
([CD11bsyrface]) was measured by flow cytometry as mean
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fluorescent intensity of FITC on CD16™ cells defined by gating.
The CD11b stimulation index (CD11b-SI) was calculated using
the following equation

CD11b—SI = ([CD1 1bsLufaceL GMACSF‘{Cm ]bSurface}NoGMfCSF)
% 100/{CD11bgygace lno Gm—csr

where [CD11bsyrface] -+ om-cse represents [CD11bsyrace] after
incubation with GM-CSF and [CD11bsyfacelno cm-csF repre-
sents [CD11bsyace] 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 manufac-
turer’s instructions.

2.4. Western blotting

Heparinized whole blood was incubated with or without
GM-CSF (10 ng/mL, 37 °C, 15 min) 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 (Inumobilon, Merck Millipore, Billerica,
MA), per manufacturer’s instructions. Membranes were incu-
bated with either murine anti-CD11b monoclonal antibody
(10 pl from the vial diluted in 500 @l of immunoblotting buffer
(Uchida 2009) (BiolLegend, San Diego, CA) or murine anti-
phospho- STAT5 antibody (5 pl from the vial diluted in 1000
of immunoblotting buffer (Millipore, Billerica, MA)) and detec-
tion 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 (4SD) 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 com-
pared 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. Results
3.1. Optimization of CD11b-SI components and procedure

Neutrophils in fresh heparinized whole blood identified by
CD16" immunostaining (Fig. 1A and B) had detectable levels of
cell-surface CD11b (CD11bsyfce) at baseline (ie., without
stimulation) in both healthy individuals (1C) and autoimmune
PAP patients (1D). GM-CSF stimulated a significant increase in
CD11bsurace In blood from healthy individuals (Figure C) but
not in blood from autoimmune PAP patients (Figure D). The
change from baseline CD1bsymce 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 (Fig. 1E). To exploit this GM-CSF-
stimulated change in CD11bgypee @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 CD11bgymee Was evaluated in
fresh whole blood collected into either EDTA- or heparin-
containing phlebotonty specimen tubes. Baseline, un-stimulated
CD11bsyface Was not different among blood specimens collect-
ed using EDTA or heparin (P = 0.174). In contrast, the GM-CSF-
stimulated increase in CD11bgyface Was smaller when EDTA
was used for phlebotomy compared to samples collected in
heparin (Fig. 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 CD11bgyfe 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
CD11bsyeace Was unaffected (Fig. 3). However, when blood was
incubated at 0 °C and then at 37 °C (30 min each), CD11bsyrface
increased by 140% (Fig. 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 CD11bgype. The ability of
neutrophils to exhibit an increase in CD11bsygce after incuba-
tion of heparinized whole blood with 10 ng/mL GM-CSF
compared to baseline CD11bsymce (henceforth, change in
CD11bsyrmce (%)) was robust immediately after phlebotomy
but markedly diminished after 1 day and declined further
thereafter (Fig. 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 CD11bsyrace (Fig. 4).

To further explore the effects of time and temperature
on the change in CD11bsyrce we evaluated the effects of a
short-term delay between phlebotomy and testing for freshly
isolated, heparinized whole blood stored at various tempera-
tures. CD11bsyfce remained constant for up to 6 hours when
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Fig. 2. Effect of anticoagulant on baseline and GM-CSF-stimulated CD11Dbsyface-
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 CD16'-gated neutrophils (CD11bgyyace)
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.

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 (Fig. 5A).

In parallel, the change in CD11bsy,f1ce declined over the time
period for blood maintained at 25 °C (Fig. 5B).

To better understand the mechanism of the GM-CSF-
stimulated increase in CD11bgyeaces 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 CD11bs face
and cytoplasmic CD11bh (CD11bcyesor) in cells double-
immunostained with FITC-CD11b or PE-CD11b, respectively
(Fig. 6A and B), revealed that CD11bgsyfce increased by 150 %
with GM-CSF stimulation (Fig. 6C). In contrast, CD11bcytosor
decreased by ~11% and CD11byoa Was not different (Fig. 6C).
CD11bTotal was also unchanged by GM-CSF-stimulation when
both CD11bsyrface and CD11beyosor Were measured together
using the same detection antibody/chromophore (FITC-anti-
human CD11b) (Fig. 6D) or when measured by western
blotting (Fig. 6D). Finally, CD11bsysace gradually increased
while CD11bcyoser gradually decreased in fresh whole blood
maintained at 25 °Cfor 6 hours (Fig. 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 CD11bsyace Was evaluated
by comparing the change in CD11bsyfce Stimulated by GM-CSF
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Fig. 3. Effect of change in the temperature at which blood was maintained
before testing on the CD11bgype. 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 CD1 Wsyrpee Was
measured as described in the Methods. For each sample, the CD11bgypace at
the end of incubation periad 2 was subtracted from the CD11bsypee at the end
of incubation perjod 1, divided by the CD11bsyace at the end of incubation
period 1 and multiplied by 100 percent. Positive values indicate an increase in
CD11bsy e 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.

to that caused by a wide range of pro- and anti-inflammatory
mediators. Compared to baseline, GM-CSF stimulated a greater
increase in CD11bsyfce than did IL-8, IL-6, G-CSF, interferon
(IFN)-p, IL-10, IFN~vy, and complement fragment 5a (Fig. 7).
Taken together, these results indicate that GM-CSF specifi-
cally stimulates neutrophils causing a robust and rapid translo-
cation of pre-formed, intracytoplasmic CD11b to the cell surface.

3.2. CD11b-Sl 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 CD11bsyiface
in autoimmune PAP patients was higher than in healthy
individuals (1702 4 754, 1014 £ 632, n = 10, 25,
respectively, p = 0.010; not shown). At the standardized
concentration for testing (10 ng/ml), GM-CSF stimulated a
mean increase from baseline in CD11bsyrface Of ~450% in 22
healthy people but no increase in 5 patients with autoimmune
PAP (Fig. 8). The difference in GM-CSF-stimulated CD11bsyfce

Fig. 1. Evaluation of CD11Dbsyface 0n 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 CD16"" population. C-D.
Quantification of neutrophil cell-surface CD11b (CD11bswface) 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 CD11bsyface
for healthy individual (HC) and patient with autoimmune pulmonary alveolar proteinosis (PAP).
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Fig. 4. Effect of time between GM-CSF stimulation/fixation and evaluation by
flow cytometry on the change in CD11bgme Fresh, heparinized blood was
collected from healthy people, incubated with or without GM-CSF within
1 hour of phlebotomy, staining with antibodies to CD11bgyce, 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.

between healthy people and autoimmune PAP patients was
also observed at lower (1 ng/ml) and higher (100 ng/mi) GM-
CSF stimulating concentrations, although there was a small
increase in the latter (that remained significantly different from
healthy controls) (Fig. 8).

We determined CD11b stimulation index or CD11b-SI as
change in CD11bgy e at 10 ng/mL of GM-CSF to maximize
discrepancies between healthy controls and patients with PAP.

The precision of the CD11b-SI 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 (Fig. 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) (Fig. 9B). Further, the coefficient of variation for mea-
surements within subject measurements was less than that for
measurements between subjects (Fig. 9B). These data indicate
the CD11b-SI 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, asymptom-
atic people. The CD11b-SI 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) (Fig. 10A). There was
a clear separation between the high values in healthy people
and the low values in autoimmune PAP patients (Fig. 10B).
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Fig. 5. Elfects of temperature of blood after phlebotomy and delay in analysis on
change in CD11bsyace. A. Effect of temperature on CD11hgyyace eXpression
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
CD11bsuyrace Stimulated with 10 ng/mL of GM-CSF. Fresh, heparinized blood
was kept at 25 °C for various times before evaluation by the change in
CD11bsyriace as described in the Methods. Symbols represent the mean = SD for
n = 3 per point. Comparisons to the corresponding value at zero hours were
made by ANOVA with Dunnett’stest; “ = P< 005" = P<0.01,"" = P« 0.001.

Receiver operating characteristic (ROC) curve analysis for
these results demonstrated the sensitivity and specificity to be
100% (Fig. 10C) and identified an optimal cut off threshold
value for the difference between normal and abnormal CD11b-
Slvalues (ie., in healthy people and patients with autoimmune
PAP, respectively) to be 112 (Fig. 10D).

4, Discussion

In this study, we optimized the experimental conditions of
the CD11b-SI test (Uchida et al,, 2007) and then evaluated the
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Fig. 6. GM-CSF-stimulated translocation of CD11Db 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 CD1 1bsyace (Open bars), washed, permeabilized and stained with PE-anti-human
CD11b to measure cytosolic CD11beyosor (filled bars) as described in the Methods. A. Representative cytograms of neutrophils stained to show CD11bsypee (horizontal
axis) and CD11bcyosol (vertical axis) with or without GM-CSF stimulation (indicated). B. Quantification of CD11bsuace (0pen bars) and CD11Dbeyosnr (Closed bars) on
neutrophils. Bars represent the mean = SD for n = 3 per condition. C. Both CD11bsy e and CD11beyqs0 Were evaluated with methods described above (legends to
Panel AB) 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-STATS (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 for n = 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
CD11bsurface (0pen bars) and CD11beyioser (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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factor (G-CSF), interferon |5 (IFNP), 1L-10, [FNv, and complement fragment 5a
(C5a), 10 ng/mL each as indicated, and the percent increase in stimulated over
baseline CD11bsysce as described in the Methods, Comparisons were made by
ANOVA using the Holm-Sidak method for muitiple comparisons; = = P < 0.001.

reliability of the optimized test for detecting impaired GM-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
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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
CD11Dsyrace 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; 71 = P < 0.07, {1 = P < 0.001.
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Fig. 9. Precision of the CD11h-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 subjects (inter-subject), calculated as described in the Methods.
Comparison was made using Student’s t test; ** = P < 0.01.

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 autcimmune PAP (Uchida
et al, 2014). The diagnostic use of the GMADb ELISA was
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Fig. 16. Measurement and ROC Analysis of CD11Db-SI in autoimmune PAP patients and healthy people. A. CD11b-SI test values in autoimmune PAP patients (10) and
healthy people (34) measured as described in the Methods. B. Histogram of the frequency distribution of CD11b-SI test values in healthy people (open bars) and
autoimmune PAP patients (filled bars). C-D. Receiver operating characteristic (ROC) curve analysis of CD11b-Sl 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 CD11b-SI of 112 determined by the software, the sensitivity and specificity of the CD11Db-SI were both 100% (D).

supported by the demonstration that GM-CSF autoantibodies
are the cause and not an associated epiphenomenon of
autoimmune PAP (Sakagami et al, 2009, 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 GMADb
ELISA (Uchida et al,, 2014). Notwithstanding, while the latter
demonstrated most healthy people and autoimmune PAP
patients have GMAD ELISA test results below 3 pg/ml or above
9 pg/ml, respectively, it identified an intermediate concentra-
tion range (>3, <9 pg/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 GMAD

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



10 Y. Kusakabe et al. / Journal of Immunological Methods 413 (2014) 1-11

CD11bsyrtace 10 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 CDT1Dsuace
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; Cock et al., 2013). Finally, it may be useful
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
GMAD were to fall below critical threshold (Uchida et al., 2009,
2014).

One limitation of the CD11b-SI 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 CD11bsyce 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 CD11bs, e caused
by generation of lysophosphatidylcholines during blood stor-
age, 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 resuits.
Another limitation is the sensitivity of CD11bgyce to changes
in the temperature at which blood is kept before testing -
Le, 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 anticoagulant also reduced the GM-
CSF- stimulated increase in CD11bsyface. 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 CD11bsyrtce (Fig. 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, CD11Dbsy;fce measurement is highly sensitive
to pre-analytical conditions of blood preparation and storage as
noted in prior efforts to standardize the measurement of
neutrophil CD11bgyace (Latger-Cannard et al., 2004).

Our approach to these limitations has been to standardize/
control the CD11b-S1 assay with respect to each variable. In our
standardized CD11b-SI test, blood is collected into sodium
heparin- containing phlebotomy tubes, kept at room tempera-
ture (~25 °C), stimulated with GM-CSF at a standard concen-
tration {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
CD11bsyyface Of the GM-CSF-stimulated sample. The test result is
reported as a dichotomous variable - either “positive” or
"negative” for GM-CSF signaling. These conditions have permit-
ted the CD11b-S1 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 CD11bgy,face
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, 2009). Consequently, we
have used the CD11b-SI to evaluate impaired GM-CSF signaling
in autoimmune PAP patients (Uchida et al., 2007, 2009), animal
autoimmune PAP model with non-human primates induced
by passive transfer of GM-CSF autoantibodies purified from
patients (Sakagami et al., 2009, 2010), and other inflammatory
diseases (Han et al,, 2009).
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Purpose
We examined the impact of different epidermal growth factor receptor (EGFR) mutations and

clinical characteristics on progression-free survival (PFS) in patients with advanced EGFR-mutated
non-small-cell lung cancer treated with EGFR tyrosine kinase inhibitors (TKls) as first-line therapy.

Patients and Methods
This meta-analysis included randomized trials comparing EGFR TKis with chemotherapy. We

calculated hazard ratios (HRs) and 95% Cls for PFS for the trial population and prespecified
subgroups and calculated pooled estimates of treatment efficacy using the fixed-effects inverse-
variance-weighted method. All statistical tests were two sided.

Results
In seven eligible trials (1,649 patients), EGFR TKls, compared with chemotherapy, significantly prolonged

PFS overall (HR, 0.37; 95% Cl, 0.32 to 0.42) and in all subgroups. For tumors with exon 19 deletions, the
benetit was 50% greater (HR, 0.24; 95% Cl, 0.20 to 0.29) than for tumors with exon 21 L858R substitution
(HR, 0.48; 95% Cl, 0.39 10 0.58; P 1emci0n < -001). Never-smokers had a 36% greater benefit (HR, 0.32;
95% Cl, 0.27 t0 0.37) than current or former smokers (HR, 0.50; 95% Cl, 0.40 10 0.63; Py rersciion < -001).
Wormen had a 27% greater benefit (HR, 0.33; 95% Cl, 0.28 to 0.38) than men (HR, 0.45; 95% Cl, 0.36 to
0.55; treatment-sex interaction P = .02). Performance status, age, ethnicity, and tumor histology did not
significantly predict additional benefit from EGFR TKls.

Conclusion
Although EGFR TKlis significantly prolonged PFS overall and in all subgroups, compared with

chemotherapy, greater benefits were observed in those with exon 19 deletions, never-smokers,
and women. These findings should enhance drug development and economic analyses, as well as
the design and interpretation of clinical trials.

J Clin Oncol 33. © 2015 by American Society of Clinical Oncology

Deletions in exon 19 and substitution of leu-
cine for arginine (L858R) in exon 21 of the EGFR
gene (so-called common mutations) constitute ap-
proximately 90% of all EGFR mutations that are
detected in patients with advanced NSCLC who are
enrolled onto randomized trials.”**” Common and

Advanced non-small-cell lung cancer (NSCLC)
with activating mutations in the epidermal
growth factor receptor (EGFR) gene is a distinct
subtype of disease that is characterized by a high
tumor response rate when treated with small-
molecule EGFR tyrosine kinase inhibitors (TKIs).
Randomized trials"® and meta-analyses®! have
consistently demonstrated longer progression-
free survival (PFS) with EGFR TKI therapy com-
pared with chemotherapy.

uncomimon mutation status is used as a stratifica-
tion factor in many EGFR TKI trials. Although the
two common mutations have been regarded as sim-
ilar in predicting the benefit of EGFR TKIs, sub-
group analyses of two studies®® suggested that the
benefit of EGFR TKIs is greater in exon 19 deletion

© 2015 by American Society of Clinical Oncology 1
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than in exon 21 L858R substitution tumors. However, these findings
have not been consistently observed in other trials.” ™7

In the landmark NCIC Clinical Trials Group study BR.21,"*
Astan origin, adenocarcinoma histology, never smoking, and erlotinib
were associated with improved overall survival (OS). Subsequent mo-
lecular analysis also showed that the benefit of etlotinib was strongly
associated with EGFR mutation in this trial, and EGFR mutations were
also more commonly detected in women, patients of Asian origin,
patients with adenocarcinoma, and never-smokers.""" Among pa-
tients with EGFR mutations, the influence of these clinical character-
istics on the additional benefit of EGFR TKIs is unknown,

Individual randomized trials have not been designed nor ad-
equately powered to demonstrate a treatment difference between
subgroups of patients with these common mutations and other
clinicopathologic chavacteristics. Identifying such factors may be
important for future clinical trial design and development of newer
generations of EGFR TKIs. To address these questions, this study
was designed with the primary objective of testing the hypothesis
that the relative effect on PFS of first-line therapy with EGFR TKIs
versus chemotherapy is affected by mutation type. Secondary ob-
jectives were to test for interactions between clinical characteristics
(age, sex, ethnicity, smoking status, performance status, tumor
histology) that might be associated with EGFR TKI benefit in a
population with EGFR mutations.

Ideally, a meta-analysis of randomized trials with OS as the pri-
mary end point will address these questions. However, in all of these
trials, the effect of EGFR TKls on OS has been diminished for two
reasons: first, nearly all of the patients who were randomly assigned to
chemotherapy crossed over to receive EGFR TKls after disease pro-
gression, and second, EGFR TKIs are commercially available outside
of clinical trial settings. Furthermore, unlike with EGFR TKls, the
benefit of chemotherapy diminished in second-line as compared with
first-line settings. For these reasons, we performed this meta-analysis
of PES outcome using randomized trial data from patients undergoing
first-line treatment with first-and second-generation EGFR TKIs.

Study Eligibility and Identification

Eligible studies were identified from our previous broad systematic re-
view that assessed the effectiveness of EGFR TKIs by EGFR mutation status.”
The included studies were randomized trials that compared EGFR TKls
against platinum-based combination chemotherapy in adult patients with
good performance status who did not receive any systemic therapy for their
histologically or cytologically confirmed, newly diagnosed advanced NSCLC
with sensitizing EGFR mutations. In brief, we updated our bibliographic
search of MEDLINE, EMBASE, CANCERLIT, and the Cochrane Central
Register of Controlled Trials (CENTRAL) databases for articles published in
English between January 1, 2004, and February 28, 2014, using the following
search terms: lung neoplasms, non-small-cell lung cancer, gefitinib, erlotinib,
afatinib, EGFR, meta-analysis, systematic review, randomized, and clinical
trials. To identify unpublished studies, we also searched abstracts from confer-
ence proceedings of the American Society of Clinical Oncology, the European
Society for Medical Oncology, and the World Lung Cancer Conference. Indi-
vidual study sponsors and study investigators were contacted for conference
presentation slides whenever slides were unavailable.

Data Extraction

For each included trial, we extracted the trial name, year of publication or
conference presentation, clinicopathologic characteristics, type of chemother-

2 © 2015 by American Society of Clinical Oncology

apy, and type of EGFR TKIs. We also retrieved treatment estimates for these
subgroups: age (<2 65 v = 65 years), sex (female v male), ethnicity (Asian v
non-Asian), smoking status (never-smoker v current or former smoker),
Eastern Cooperative Oncology Group (ECOG) performance status (0 and
1 1 2), tumor histology (adenocarcinoma v other), and EGFR mutation
(exon 19 deletion v exon 21 L858R substitution) subtype. Data were
extracted independently by two authors (P.N.D, and CK.L.), and discrep-
ancies were resolved by consensus that included a third author (S.J.L.),
Risk of bias for PFS analysis in cach trial was assessed by examining the
methods used in random assignment, allocation concealment, outcome
assessments, handling of patient attrition, use of intention-to-treat analy-
sis, and handling of missing data for subgroup analyses.

Statistical Analyses

We extracted the hazard ratios (HRs) and 95% Cls for the overall cohort
and subgroups. Data from independent assessment of PFS were used in pref-
erence to investigator assessiment whenever both types of review were avail-
able. We used the fixed-effects inverse-varfance-weighted method to pool the
results from the studies and to estimate the size of the treatment benefit. Tests
for interaction were used to assess differences in treatiment effect across sub-
groups as defined by their baseline clinicopathologic characteristics.

Subgroups with statistically significant heterogeneity in treatment effect
were examined further using individual patient data from four trials: NEJ002
(North East Japan 002),%'> OPTIMAL," EURTAC (European Tarceva Versus
Chen1o‘rhereq)y),5 and WJTOG (West Japan Thoracic Oncology Group) trial
3405, We re-estimated the HRs and 95% Cls in multivariable analyses for
the treatment effect for each of these subgroups after adjusting for the other
baseline characteristics. We repeated the tests for interaction on the basis of the
adjusted HRs to assess differences in treatment effect.

Comparisons between EGFR mutations with exon 19 deletions versus
exon 21 L858R substitution, with respect to baseline characteristics, involved
data from the four trials.**'>'® The Kaplan-Meier approach was used to
examine the difference in PFS between exon 19 deletion and exon 21 L858R
substitution in patients who were randomly assigned to the chemotherapy and
EGFR TKIs arms separately, and univariable Cox regressions were used to
estimate the HRs and 95% Cls.

We performed three sensitivity analyses in which, first, studies were
excluded if they reported highly significant subgroup differences in the treat-
ment effect, given that such studies might skew the results if there was selective
reporting of chance positive findings; second, the analysis was limited to
first-generation EGFR TKIs (gefitinib and erlotinib) because we recognized
that there might be differences in efficacy between first- and second-
generation EGFR TKls (afatinib); and third, studies were excluded if the
median PFS of the chemotherapy arm differed substantially from that of other
included trials because we recognized that there might be differences in efficacy
between the different types of platinum combination chemotherapies.

Publication bias was evaluated using the approach of Gleser and Olkin,”
with an examination of a funnel plot of the effect size for each subgroup of the
trial against the reciprocal of its SE.

We used the y* Cochran Q test to detect any heterogeneity across the
different studies and between subgroups. The nominal level of significance was
set at 5%. All 95% CIs were two sided.

We identified seven eligible studies”®'>'® for inclusion in this meta-
analysis (Fig 1). Trial data were obtained from published manuscripts
and conference abstracts for three trials.® Updated individual patient
data from the NEJ002*!® and OPTIMAL? trials were used for sub-
group results. Individual patient data with longer follow-up than
previously published for EURTAC® and WJTOG 3405™' trials were
used. Data that were based on independent reviews for PFS were used
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Studies identified from previous meta- analyses
(n=23)

Records after duplicates removed
(n=817)

Articles excluded

Wrong population group i
Wrong imervention/c’omparator arm .
Inappropriate outcome measure

Articles assessed for eligibility Articles excluded
Full text

Conference presentation

Studies included in quantitative synthyesis
{meta-analysis)
(n=7)

Title and abstracts scre‘ekn:ed for eligibility

Studies identified from.updated
-database searches from 2012 through
Feb 28 2014 and conference proceedmgs

Ineligible study demgns/secondaxy pubhcatlons

EGFR TK as subsequent/maintenance treatment

Insufficient data for this meta-analysis
as no subgroup analysis for different
exon mutations/clinical factors

(n=827)
(n= 82? Fig 1. Flow diagram showing inclusion
{n = 640) and exclusion of studies. EGFR, epidermal
{n :86> growth factor receptor; TKI, tyrosine ki-
22 17; nase inhibitor.
(n=11)

for two studies.>” Hoffmann-La Roche provided unpublished sub-
group data for the ENSURE trial that was based on investigator assess-
ment only.® All included trials were open label. Risk of bias was
assessed as unclear in one unpublished trial,® and low for all other
studies, although one trial* did not include independent review of
disease progression.

A total of 1,649 patients participated in these trials. All trials
except NEJ002,” LUX-Lung 3,° and LUX-Lung 6’ recruited only pa-
tients with the two common EGFR mutations, exon 19 deletions and

exon 21 L858R substitution. Other clinicopathologic characteristics of

patients are summarized in Table 1.

Benefit of EGFR TKls for PFS

Of the 1,649 patients, 950 (589%) had been randomly assigned to
EGFR TKIs, and 699 (42%) patients had been randomly assigned to
chemotherapy. Treatment with EGFR TKIs compared with chemo-
therapy was statistically significantly associated with a 63% reduction
in the risk of disease progression or death (HR, 0.37; 95% CI, 0.32 to
0.42; P < .001).

Subgroup Analyses
Of the 1,558 patients with common mutations, 872 (56%) pa-
tients had exon 19 deletions and 686 (44%) had exon 21 L858R

Table 1. Characteristics of Patients in Constituent Trials
Exon 21
Median L858R  Age < 65
Treatment PFS No. of Exon 19 Substitution  Years ECOG PS 0 Asian Women Never-Smoker Adenocarcinoma
Study Name, Year Comparison (months] Patients Deletion (%) (%) (%) and 1 (%) (%) (%) (%) (%)
NEJ002, 2010, Gefitinib vCP 10.8v54 224t 51 43 49 29 100 63 82 93
2013218
WJITOG 3405, Gefitinib vCisD 96v85 172 51 49 53 100 100 69 69 g7
2010, 201231
OPTIMAL, 2011, Erjotinib v CG 131v46 154 53 47 75 94 100 59 71 87
2012%1®
EURTAC, 20125 Erlotinib v 9.7vB2 173 66 34 49 86 0 73 69 92
platinum-G or
platinum-D
LUX-Lung 3, 2013%" Afatinib v CisPem 11.1 v6.9 345 49 40 61 100 72 65 88 100
LUX-Lung 6, 20147 Afatinib v CisG 11.0vBE8 364 51 38 76 100 100 85 77 100
ENSURE, 2014% Erlotinib v CisG 11.0vB5 217 54 45 79 94 100 81 71 o4
Abbreviations: CG, carboplatin-gemcitabine; CisD, cisplatin-docetaxel; CisG, cisplatin-gemcitabine; CisPem, cisplatin-pemetrexed; CP, carboplatin-paclitaxel; ECOG,
Eastern Cooperative Oncology Group; EURTAC, European Tarceva Versus Chemotherapy; NEJ002, North East Japan 002; PFS, progressior-free survival; PS,
performance status; WJTOG, West Japan Thoracic Oncology Group.
“Includes patients with uncommon mutations of the EGFR gene.
tNEJ002 recruited a total of 228 patients; PFS outcome was only reported for 224 patients.
$Reported in abstract only.
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Trial HR 95% Cl HR 95% Cl
Exon 19 deletions Exon 21 L858R substituiion

ENSURE 0.20 01210 0.23 e 0.54 0.3210 0.9 i

EURTAC 0.27  0.1710 043 e 0.53 0.29 10 0.97 |

LUX-Lung 3 0.28 0.1810 0.44 e 0.73 0.46 10 1.16 i

LUX-Lung 6 020 0.131t00.32 e 0,32 0.1910 0.54 e

NEJ002 0.24 01510 0.38 i 0.32 0.20t0 0.54 b

OPTIMAL 013  0.07t0 0.24 R 0.26 0.14 10 0.48 e

WJTOG 3405 042 0.26100.66 —— 0.69 0.44 10 1.07 i

Al 0.24  0.20t0 0.29 0.48 0.39to 0.58

Never-smoker Current or former smoker

ENSURE 0.33  0.20t0 0.54 P 0.36 0.17 10 0.76 e

EURTAC 0.24  0.1510 0.39 i 0.59 0.22 10 1.54 (former) e
0.64 0.22 10 1.86 {current) —————

LUX-Lung 3 0.47  0.33to0 0.67 -5~ 0.50 0.18 t0 1.33 {former) man e of
1.04 0.54 to 1.99 (current) o

LUX-Lung 6 024 01610035 —— 0.39 0.07 to 2.29 (former) e
0.46 0.22 10 0.98 (current) ]

NEJ 002 0.27 01810041 —5— 0.46 0.28t0 0.74 g

OPTIMAL 014 0.08100.24 e 0.21 0.09to 0.49 o

WJTOG 3405 052  0.35t00.77 i 0.56 0.31t0 0.99 it

All 0.32  0.27100.37 0.50 0.40 10 0.63

Female Male

ENSURE 031  0.20t0 0.48 i 0.35 0.20 t0 0.61 e

EURTAC 030  0.191t0 0.48 —— 0.40 0.19 10 0.84 ———

LUX-Lung 3 054 0.381t00.77 - 0.61 0.37 to 1.01 i

LUX-Lung 6 0.24  0.16100.35 - 0.36 0.21 10 0.63 e

NEJ002 0.25 01710 0.38 i 0.48 0.30to0 0.77 Rt

OPTIMAL 0.13  0.07t00.24 g 0.26 0.14t0 0.49 i

WJTOG 3405 0.48  0.331t00.71 —i— 0.71 0.40 to 1.26 e

All 033 0.281t00.38 0.45 0.36 to 0.55

0.61 Of1 1 1b O.E)T Oi'l 1 1b
Favors  Favors Favors  Favors
EGFRTKI  chemotherapy EGFRTK!I  chemotherapy

Fig 2. Forest plot of the effect of treatment on progression-free survival in subgroups of patients according to mutations of the epidermal growth factor receptor (EGFR) gene,
smoking status, and sex. Hazard ratios (HRs) for each trial are represented by the squares, and the horizontal line crossing the square represents the 95% Cl. The diamonds represent
the estimated overall effect based on the meta-analysis fixed effect. All statistical tests were two sided. EURTAC, European Tarceva Versus Chematherapy; NEJ002, North East Japan

002; TKI, tyrosine kinase inhibitor, WJTOG, West Japan Thoracic Oncology Group.

substitution. In the subgroup with exon 19 deletions, the pooled HR
for PFSwas 0.24 (95% C1,0.20t0 0.29; P < .001). In the exon 21 L858R
substitution subgroup, the pooled HR for PES was 0.48 (95% CI, 0.39
to 0.58; P < .001). Compared with chemotherapy, treatment with
EGFR TKIs demonstrated 50% greater benefit in exon 19 deletions
than in exon 21 L858R substitution (interaction P < .001; Fig 2).

Of the 1,649 patients, most were never-smokers (n = 1,155;
70%) and 494 (30%) were current or former smokers. Among the
never-smokers, the pooled HR for PFS was 0.32 (95% CI, 0.27 to 0.37;
P <.001). Among the current or former smokers, the pooled HR for
PES was 0.50 (95% CI, 0.40 to 0.63; P < .001). Compared with
chemotherapy, treatment with EGFR TKIs demonstrated a 36%
greater benefit in never-smokers than current or former smokers
(interaction P = .002; Fig 2).

Most patients (n = 1,073; 65%) were women; 576 (35%) were
men. Among the women, the pooled HR for PFS was 0.33 (95% CI,
0.28 10 0.38; P << .001). Among the men, the pooled HR for PFS was

4 © 2015 by American Society of Clinical Oncology

0.45 (95% ClI, 0.36 to 0.55; P << .001). Compared with chemotherapy,
EGFR TKI treatment demonstrated a 27% greater benefit in women
than men (interaction P = .02; Fig 2).

In multivariable analysis using data from the four trials,
the pooled HRs for PFS were 0.26 and 0.44, adjusted for smoking
status and sex, for exon 19 deletions and exon 21 L858R substitution
subgroups, respectively (interaction P = .004). There was negligible
difference in the result between unadjusted and adjusted HRs (exon 19
deletions: unadjusted pooled HR, 0.26; exon 21 L858R substitution:
unadjusted pooled HR, 0.45; interaction P = .004). Table 2 compares
the unadjusted and adjusted HRs of treatment effect to assess any
potential inter-related impact of type of EGFR mutation, sex, and
smoking on benefit with EGFR TKIs.

The improvement in PFS with EGFR TKI treatment compared
with chemotherapy did not differ by ethnicity (interaction P = .37),
age (interaction P = .27), tumor histologic subtype (interaction P =
.59), or performance status (interaction P = .85; Fig 3).

2-5,15,16
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Table 2. Unadjusted and Adjusted Treatment Effect of EGFR TKls Versus
Chemotherapy in Four Clinical Trials
Unadjusted
Analysis Adjusted Analysis
Subgroup HR 95% Ci HR 95% Cl
Exon 19 deletions
EURTAC 027 01710043 025 0.16 10 0.41
NEJ002 024 01510038 0.247 0.16 10 0.38
OPTIMAL 013 00710025 0.12° 0.06100.22
WJTOG 3408 042 02681068 048" 0.28100.76
Pooled result 0.26 02010034 0.26 0.20100.33
Exon 21 L858R
substitution
EURTAC 053 02910087 051 0.28100.94
NEJOO2 033 02010054 033 0.20t0 0.55
OPTIMAL 026 0141048 023 0.1210 0.45
WJITOG 3405 069 04410107 069 0.44 10 1.08
Pooled resuit 0.45 03410058 044 0.34 10 0.58
Treatment£GFR mutation
interaction P =004 P =004
Never-smoker
EURTAC 024 0.15%t039 023t 01410038
NEJ002 0.27 01810 0.41 0.24t  0.16100.37
OPTIMAL 014  0.08t00.25 0147 0.08t00.25
WJTOG 3405 052 0351077 052t 03410079
Pocled result 029 0241037 028 0.22100.35
Current or former smoker
EURTAC (former) 059 02210154 067 02510178
EURTAC (current) 064 02210186 056Ff 0.19t01.71
NEJ002 0.46 0281074 045t 0.281t00.73
OPTIMAL 0.21 009t 0.49 0.20t 0.08t00.47
WJITOG 3405 056 03110099 057t 0321t01.02
Pooled result 046 03410062 0461 03410062
Treatment-smoking
interaction P=.02 F=.01
Women
EURTAC 030 019t0048 029 0.18t00.47
NEJ002 025 0171038 021 01410033
OPTIMAL 0.13 00710024 013 007w024
WJITOG 3405 048  0331t00.71 050 03310076
Pooled result 0.30 0.24100.38 0.28 0.22100.36
Men
EURTAC 040 01910084 037+ 01710081
NEJ002 048 03010077 045 0281074
OPTIMAL 026 01410050 0.23%F 0121045
WJTOG 3405 0.71 040t01.26 089 0.39t01.22
Pooled result 046 03410061 0.43 0.321t00.58
Treatment-sex interaction P= 02 P= .03
Abbreviations: EGFR, epidermal growth factor receptor; EURTAC, European
Tarceva Versus Chemotherapy; HR, hazard ratio; NEJ0O2, North East Japan
002; TKI, tyrosine kinase inhibitor; WJTOG, West Japan Thoracic Oncology
Group.
“HRp(EGFR TKI v chemotherapy) adjusted for smoking status and sex.
THR (EGFR TKI vchemotherapy) adjusted for sex and type of EGFR mutation.
tHR (EGFR TKI v chemotherapy) adjusted for smoking status and type of
EGFR mutation.
N

Benefit of EGFR TKis for 0§

At the point of data cutoff for this analysis, several trials had
reported preliminary OS data and had patients still in active follow-up.
The data for OS remained immature for many of these studies. The OS
data for the ENSURE trial was unavailable.® With the available prelim-
inary OS data from the remaining six trials, treatment with EGFR TKIs

Wi, jco.0rg

compared with chemotherapy was not statistically significantly asso-
clated with reduction in the risk of death (HR, 1.01; 95% CI, 0.86 to
1.19; P = .88).

Association Between Mutations and Baseline

. Clinical Characteristics

. e . o~ .
In four trials,”>*>!¢ there were no significant correlations be-

tween EGFR mutation type and age, performance status, sex, histol-
ogy, or smoking status (Table 3).

Prognostic Outcomes for Patients With
Common Mutations

Of the 348 patients in the four trials™>'>® who were randomly
assigned to chemotherapy, those with exon 21 L858R substitution
(n = 158) had a median PFS of 6.1 months, which was statistically
significantly longer than those with exon 19 deletions (n = 190), who
had a median PFS of 5.1 months (HR, 0.70; 95% CI, 0.56 to 0.89; P =
.003). In comparison, of the 362 patients who were randomly assigned
to EGFR TKIs in these trials, patients with exon 21 L858R substitution
(n = 154) had a median PES of 10.0 months, which was statistically
significantly shorter than that of patients with exon 19 deletions (n =
208), who had a median PFS of 11.8 months (HR, 1.39; 95% CI, 1.10
to 1.76; P = .006).

Publication Bias

A funnel plot of the effect size for each subgroup category of the
trial against the precision showed no asymmetry (not shown). A
formal test'” for potential publication bias yielded no potential un-
published studies.

Sensitivity Analyses

Two trials®® individually demonstrated greater PFS benefit for
EGFR TKIs versus chemotherapy in tumors with exon 19 deletions
compared with those with exon 21 L858R substitution; therefore, we
excluded these studies and observed consistent results (HR, 0.24 v
0.42; interaction P < .001; Appendix Fig Al, online only).

Restricting our analyses to trials of first-generation reversible
EGFR TKIs, erlotinib®***® and gefitinib>*!>® (Appendix Fig A2,
online only), we also found consistent results: greater benefit with
EGFR TKIs for exon 19 deletions (interaction P < .001), never-
smokers (interaction P = .03), and women (interaction P = .03).

Two trials™® individually demonstrated median PFS greater
than 6 months in the chemotherapy arm. Given that this was a
longer PFS than reported in other studies {Table 1), we excluded
these two studies and observed consistent results: greater benefit
for EGFR TKIs for exon 19 deletions (interaction P < .001),
never-smokers (interaction P = .003), and women (interaction
P = .01; Appendix Fig A3, online only).

Treatment with EGFR TKIs compared with chemotherapy is associ-
ated with a 63% overall reduction in the risk of disease progression or
death. Furthermore, the relative effect of EGFR TKIs compared with
chemotherapy on PFS is 50% greater for patients with exon 19 dele-
tions than for those with exon 21 L858R substitution. Other crucial
findings include a 36% greater PFS benefit for never-smokers than
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Trial HR 95% Cl HR 95% Cl
Asian Non-Asian
ENSURE 034 02210052 —g—
EURTAC 0.34 0.23 t0 0.49 —-
LUX-Lung 3 054 0.3810076 b 0.68 0.39to 1.19 ——
LUX-Lung 6 0.28  0.2010 0.39 e
NEJ002 0.32 02410044 =
OPTIMAL 0.16  0.10t0 0.26 e
WJITOG 3405 054 03910074 ==
All 036 031t00.42 0.42 0.31 t0 0.58
Age < 65 years Age = 65 years

ENSURE 0.33 02110052 e 0.37 0.14 10 0.98 m———
EURTAC 0.40  0.24100.67 e 0.28 0.16 t0 0.49 R
LUX-Lung 3 0.53 03610 0.77 e 0.64 0.39to 1.04 s
LUX-Lung 6 0.30  0.21t0 043 e 0.16 0.07 to 0.38 e
NEJ002 025 01510041 i 0.33 0.22 10 0.52 -
OPTIMAL 019 0.111t00.32 i 0.17 0.07 to 0.42 r—
WJTOG 3405 0.39  0.2510 0.61 B 0.67 0.42 t0 1.09 e
All 0.34  0.29t0 0.40 0.40 0.32 t0 0.50

Adenocarcinoma Other histologic type
ENSURE 0.35 0.23100.53 o 0.29 0.05t0 1.65 e e
EURTAC 033  0.22100.49 e 0.43 0.1010 1.84 ————
LUX-Lung 3 0.58 0.43100.78 e
LUX-Lung 6 0.28 0.2010 0.39 -
NEJO02 0.33  0.24100.45 ~E- 0.32 0.05to 1.98 ——
OPTIMAL 017  0.11to 1.27 st 0.22 0.06 t0 0.77 —
WJTOG 3405 051  0.371t00.71 e
All 0.37 03210042 0.30 0.14 10 0.63

ECOG performance status 0-1 ECOG performance status 2
ENSURE 0.32 02210047 e 0.36 0.08 t0 1.62 R
EURTAC (PS 0) 0.27 0.131t0 0.53 i 0.39 0.15t0 1.15 s
EURTAC (PS 1) 037 0.221t00.61 i
LUX-Lung 3(PS 0} 050 0.31 10 0.81 i
LUX-Lung 3{(PS 1) 0.63 0.43t0 0.92 i
LUX-Lung 6 (PS0) 0.22 0.12to 0.41 e
LUX-Lung 6 (PS 1) 0.29 0.20t0 0.43 .
NEJ002 033 02410044 -
OPTIMAL 0.16  0.10to0 0.26 i 0.21 0.04t0 1.19
WJITOG 3405 054 03910 0.74 ~f-
All 036 032t0041 0.34 0.1510 0.74
T T T T T T
0.01 0.1 1 10 0.01 0.1 1 10
Favors  Favors Favors  Favors
EGFRTKI  chemotherapy EGFRTKI  chemotherapy

Fig3. Forestplotof the effect of treatment on progression-free survival in subgroups of patients according to ethnicity, age, tumor histologic subtype, and performance status (PS).
Hazard ratios (HRs) for each trial are represented by the squares, and the horizontal line crossing the square represents the 95% Cl. The diamonds represent the estimated overall
effect based on the meta-analysis fixed effect. All statistical tests were two sided. ECOG, Eastern Cooperative Oncology Group; EGFR, epidermal growth factor receptor; EURTAC,
European Tarceva Versus Chemotherapy; NEJO02, North East Japan 002; TKI, tyrosing kinase inhibitor; WJTOG, West Japan Thoracic Oncology Group.

current or former smokers and a 27% greater PFS benefit for women
than men with EGFR TKls compared with chemotherapy.
Consistent with previous studies, patients with exon 19 deletions
have a longer OS than those with exon 21 L858R substitution after
gefitinib or erlotinib therapy.'®*® In contrast, in patients who are not
treated with EGFR TKIs, exon 21 L858R substitution, rather than exon
19 deletions, has been associated with longer OS.* Using data from
four trials,”>'*'° we found that patients randomly assigned to che-

6  © 2015 by American Society of Clinical Oncology

motherapy who had exon 21 L858R substitution had statistically sig-
nificantly longer PFS than those with exon 19 deletions (median PFS,
6.1 v 5.1 months; P = .003). This indicates that patients who harbor
exon 19 deletions and are not treated with EGFR TKIs have a poorer
prognosis than those with exon 21 L858R substitution. Treatment
with EGFR TKIs improves the prognosis more in those with exon 19
deletions than in those with exon 21 L858R substitution (median PFS,
11.8 ¥ 10.0 months; P = .006).
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Table 3. Association Between Baseline Characteristics and Exon 18 Deletion or
Exon 21 L858R Substitution: Pooled Data From Four Clinical Trials
Exon 21
Exon 19 L858R
Deletion Substitution
(n = 401) in =313}
Characteristic No. % No. % P
Age, years .20
< 65 233 58 166 53
= 65 168 42 147 47
ECOG PS 32
6] 186 46 136 a4
1 191 48 1684 52
2 24 5] 13 L
Sex 81
Female 268 67 206 66
Male 133 33 107 34
Smoking .81
Never 268 67 212 68
Ever 133 33 101 32
Histologic subtype - - R
Adenocarcinoma 377 94 284 91
Other 24 6 29 9
Abbreviations: EGOG, Eastern Cooperative Oncology Group; PS, perfor-
mance status.

The associations between different EGFR mutations and baseline
clinicopathologic characteristics remain unclear. Several studies re-
port that exon 21 L858R substitution is more frequently associated
with female sex, never smoking, and having adenocarcinoma.” > Use
of the largest pooled individual patient data set of common mutations
(n = 714) from four trials™>'>® failed to detect any association
between the type of mutation and smoking status (P = .81), histology
(P =.11), 0r sex (P = .81).

Our finding that smoking status modifies EGFR TKI benefit is also
supported by existing studies. Smoking was found to be independently
associated with poorer tumor response with gefitinib.”* Smoking was
also associated with significantly less drug exposure after ingestion of
erlotinib.®® A phase I study™® of smokers reported a maximum toler-
ated erlotinib dose of 300 mg, which was much higher than the dose of
150 mg per day used in randomized trials. *>® Whether this metabolic
difference is the true reason for the PFS difference or whether other
factors are involved has vet to be determined, and further research
is warranted.

Another interesting finding was that women had a 27% greater
PFS benefit with EGFR TKIs than men. The benefit of EGFR TKIs in
women has been previously attributed to the higher rate of EGFR
mutations in women.” In this meta-analysis involving only trials
conducted in populations with EGER activating mutations, a differ-
ence in PFS benefit on the basis of sex was still detected. As a majority
of the nonsmokers were also women in these trials, it is possible that
smoking is confounding the interaction between sex and EGFR TKI
efficacy. However, multivariable analysis performed using individual
patient data from four trials™>'>'® suggests that the predictive effect of
sex is largely independent of smoking status and EGFR mutation type
(Table 2). We acknowledge that there may be a difference between
current and former smokers, but our analysis does not discriminate
between these two cohorts of patients.

W, j0.01g

This meta-analysis has several strengths. We performed a com-
prehensive review, used the most up-to-date published data, and
contacted individual investigators or trial sponsors to obtain relevant
unpublished data. Another strength is that individual patient data
from four trials®>*>"'€ were available to investigate the relationships
between different EGFR mutations and baseline clinical characteris-
tics, for multivariable adjustment, and for prognostic analyses.

There are also limitations of this study. We have not reported the
treatment effects within subgroups for OS because many of the trials
have yet to report mature OS data. In a recently presented pooled
analysis of two randomized trials, OS was longer with afatinib than
chemotherapy, and a statistically significant prolongation of OS was
reported in tumors with exon 19 deletions but not exon 21 L858R
substitution.”” It remains unknown whether there would be a similar
finding in first-generation EGFR TKI trials. We restricted our study to
common EGFR mutations, and the predictive value of uncommon
mutations remains unknown. We are currently planning an individ-
ual patient data meta-analysis using all randomized trials with mature
OS data to address the limitations of our current work.

Our results have several important clinical and research implica-
tions. Our findings will be useful for counseling patients. Our meta-
analysis demonstrates that exon 19 deletion and exon 21 L858R
substitution mutations have different prognostic and predictive roles
and are hence important as a stratification factor in future clinical
trials. Further drug development of EGFR TKIs to enhance antitumor
activity, particularly for tumors with exon 21 L858R substitution,
remains important.

Another potential use of these findings is in economic analyses.
With differences in PFS benefits for various subgroups, there will be
differences in the costs required to achieve these benefits. In addition,
economic factors related to patient screening may also identify greater
cost-benefit for different identifiable subgroups.

In conclusion, EGFR TKIs significantly prolong PFS in all patients
with advanced NSCLC with EGFR mutations compared with chemother-
apy. The relative beneflts of EGFR TKls compared with chemotherapy
were greatest in patients with exon 19 deletions. Greater PFS benefit with
EGFR TKIs compared with chemotherapy was also seen in never-
smokers and women. These findings have important implications for
clinical trial design and interpretation, economic analyses, and future drug
development for EGFR-mutated, advanced NSCLC.

Disclosures provided by the authors are available with this article at
WWW.jco.01rg.
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Appendix
Trial HR 95% Cl HR 95% Cl
Exan 19 deletions Exon 27 L858R substitution
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Fig Al Forest plot of effect of treatment on progreasion-free survival in subgroups of patients according 1o different mutations of the epidermal growth factor
receptor (EGFAL, with exclusion of the LUX-Lung 3 and ENSURE trials Hazard ratios (HRs) for each trial are represented by the squares, and the horizontal fine crossing
the square represents the 95% Cl. The diamonds represent the estimated overall effect based on the meta-analysis fixed effect (all # < .001). All statistical tests
were two sided. EURTAC, European Tarceva Versus Chemotherapy; NEJOO2, North East Japan 002; TKI, tyrosine kinase inhibitor; WJTOG, West Japan Thoracic
Oncology Group.

Trial HR 95% Cl HR 95% Cl
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Fig A2. Forest plot of effect of treatment on progression-free survival in subgroups of patients according to mutations of the epidermal growth factor receptor (EGFR)
gene, smoking status, and sex in gefitinib and erlotinib trials only. Hazard ratios (HRs) for each trial are represented by the squares, and the horizontal line crossing the
square represents the 95% Cl. The diamonds represent the estimated overall effect based on the meta-analysis of fixed effect (all P < .001). All statistical tests were
two sided. EURTAC, European Tarceva Versus Chemotherapy; NEJOOZ, North East Japan 002; TKi, tyrosine kinase inhibitor; WJTOG, West Japan Thoracic
Oncology Group.

© 2015 by American Society of Clinical Oncology Journal oF CLiNICAL ONCOLOGY
Information downloaded from jco.ascopubs.org and provided by at Niigata University on May 19, 2015 from 133.35.207.48
Copyright © 2015 American Society of Clinical Oncology. All rights reserved.



