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Table |. Demographic data on study subjects who undervent WLL

Onset to

Age. WLLE Occupational Dust
Case vt Sex Symptoni”? mo DSsa Smoking Stus Fxposure Complications

i 45 M DOE. Oceasional 00 2 Es-Smoker No Psoriasis.
Cough HT. DL

2 54 I3 DOE 43 2 Never No HT. DL

3 67 M Dyspnea, Cough, 10 5 Ex-Smoker No Posteerebral
Hemosputum Infarction

4 34 M Dyspnea 42 5 Current Smoker No None

5 53 3 Dyspnea, Cough 96 5 Never No 5SS

6 40 M None 30 1 Current Smoker Yes None

7 [ M DOE 25 B Never No DM

8 67 F Dyspnea 36 5 Never No None

9 57 M DOE 28 2 Never No None

ESymptoms were recognized as respiratory symptoms, 0
was compatible with pulmonary alveolar proteinos
(PaOz: see Refl 31 DSS 1 no symptoms and PaO-
50 mmHg = PaOs <
sinus syndrome: DML diabetes mellitus,

ranged 10--225 5. 120425 5. 52-225 5. and 0-96 s. respec-
tively. In 11 of 17 lungs. the retaining time was designed to
be 120 s. but it was variable with 132-425 s in 6 lungs.
Time required for other stages varied remarkably as shown
in Table 3.

The initial volume of instilled saline ranged within 600~
2300 ml (1,359 = 435 ml). The initial discharged volume
ranged from 150 to 1.282 ml (697 = 341 ml). with percentage
of recovery ranging from 24.3 to 71.4%. The mean volume of
instilled saline from the second to the last lavage in each
patient varied from 489 to 1.938 ml (893 = 374 ml). In each
cycle. 461-1,896 ml (859 = 364 ml) of discharged fluid was
recovered: the recovery percentage was relatively constant
(89.7-100.3%). As a whole. the total volume of saline instilled
into each lung was 9.900--28.200 ml. and the total volume of
discharged lavage fluid was 8.910-27.000 ml. with total per-
centage of recovery of 93.4 * 3.3 (82.1-95.9%).

Simularion of Protein Concentrations in the Drained Lavage
Fluid

The theoretical concentrations of 1gG. transferrin. albumin.
and [3>- microglobulin in the drained lavage fluid were calcu-
lated at the end of the draining stage according to the equation

Table 2. Clinical parameters of patrients

(PAP). 2Disease severily score (D85S defined based on resp
70 mmHg. DSS 20 symptomatic ay
O mmtg, DSS 5: Pa0s =50 mmBg, WLL, whole-lung favage: DC

stime when the st respiratory symptom emerged or time of finding an abnormal image that

iratory symptoms and arterial oxygen tension
70 mmHg. DSS 3: 60 mmig = Pa0- <70 mmHg. DSS 4
. DL. dyslipidemia: 8SS. sick

| Pal)> =
dyspnea on exertion: HT. hypertensic

described above and by using the procedures detailed in
MATERIALS AND METHODS. The theorefical concentrations were
plotted on a log scale against time after the beginning of WLL
(Fig. 2). The plot for each patient was manually fitted with the
protein concentration measured in the drained lavage fluid of
each cycle by changing K. and K. Plots for the theoretical
concentrations of IgG. wansferrin. albumin. and Bz-micro-
globulin coincide with the measurements (Fig. 2. A-D). Data
for K, and K, are shown in Fig. 3. K. values for IgG.
transferrin, albumin, and Bo-microglobulin (2.03 X 1077 =
0.902. 1.95 x 1077 = 0.580. 1.84 % 107 = 0.564. and
1.85 % 1077 2 0.658, respectively) did not vary among
patients (Fig. 34). Importantly. there was no significant differ-
ence in K values among these four proteins, suggesting that
transfer from the surfactant to lavage fluid was independent of
molecular weight. However. there was relative variability in K,
among proteins, especially with B,-microglobulin, which had a
Ky, that was two orders of magnitude higher than that of the
other proteins. Ky values for IgG. transferrin. albumin, and
Ba-microglobulin were 4.97 % 10 10 = 4.166. 5.61 x 10710 =
1,990, 3.82 % 10 1% = 1,661, and 2.28 X 107" = 0.773.
respectively (Fig. 3B). No differences in K or Ky values of
each protein were found between left and right lungs (data not

Arterial Blood Gas Analysis

Serum Biomarkers

Pulmonary Function Test

PaO2. PaCOo., A-aDO:, KL-6. SP-D. CEA. GM-Ab. @vC. FEV/FVC. FRC. GeDico.
Case mmHg mmHg mmHg JU/mi ng/in} ng/ml pe/ml “ “ liters “
1 S1.3 358 24.0 7611 963 6.9 85.8 82.7 2.51 60.5
2 75.6 25.1 32070 187 i2.5 81.9 79.43 1.77 38.2
3 67.4% 269.0* 46700 518 41.4 514 84.5 2.36 19.2
4 55.2% 167.7% 26300 799 49.1 47.7 78.98 1.52 30.0
5 46.4 60.1 31093 422 19.8 47.4 98,1 4l ND+
6 723 29.2 8350 236 12.8 85.9 829 249 70.7
7 51.2 52.9 10969 407 33 87.5 109.4 171 70.8
8 46.2 38.2 55.1 15700 531 16.5 775 80.3 1.53 ND
9 753 39.6 249 7684 172 7.9 83.9 758 2.50 67.8

Normal Krebs von den Lungen-6 (KL-6). surfactant protein D (SP-D), carcinoembryonic antigen (CEA). and granulocyle/macrophage colony-stimulating
factor autoantibody (GM-Ab) levels were within 500 IU/ml. 110 ng/ml. 5.0 ng/ml 1.0 pg/ml. respectively. *Nasal oxygen supply. TDiffusing capacity of the
lung for carbon monoxide (DLco) of case 5 was not detected because of low vital capacity (VC). ND. not done. A-aDOx. alveolar-arterial oxygen difference that
was measured; FEV, forced expiratory volume in | s: FVC, forced vital capacity: FRC. functional residual capacity.
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shown). Thus the simulation data confirm the appropriateness
of our mathematical model and indicate that the transfer
kinetics of proteins into the drained fluid was time dependent.

Durable Effects of the Time on the Lavage Efficiency

To determine the durable effect of each lavage cycle on the slope
for the decreasing concentration of each protein in the drained lavage
fluid. we evaluated the change in slope of the theoretical curves by
varying the duration of the retaining stage in silico. For this
purpose. we used the initial data settings in case 4. i.e., the
instilling volume of saline: the durations (s) of instillation.

retaining. draining. and preparing: and the volume of drained
lavage fluid in the first lavage cycle. We found that decreasing
curves for the albumin concentration became steeper upon
substitution of the shorter time (Fig. 4A4).

Next, we proceeded to confirm the effects observed in the
simulation by using measurements in case 1. We evaluated the
rate of declining albumin concentration in the lavage aliquots
from a patient who occasionally underwent WLL for the left
tung with short-term cycles (120 s. 1-20 cycles) and for the
right lung with long-term cycles (540 s, 4-11 cycles). As
shown in Fig. 4B, the slope of decline for the left lung appeared
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Memn Time = SD. »*

Sin Siage c.

Stage b.

Case Left/Righ Nooof Cyeles Tata) Time. » Each Csele, 7 Instilling. = Retaining. s Dyaining. <
I L 20 0260 238 = 150 42
Ri I 6895 561 G1.7 41
2 L. 20 210 1.9 2
R 20 220 5
3 L 20 3
R 20 60060 3 £ 1200
4 L 2d 5926 35 24 12020
R 20 9018 57 = 3.9 1200
s L 20 5230 R 120=0
R 20 G480 62 200
[§] L 20 5395 =0 120 %0
R 20 5080 28 L2 1322 240
7 R 20 6180 521040 1200
8 i 10 10350 180 = 3201 199 #+ 28.7
R 20 11796 188 = 413 200 2 6.2
9 I il 6180 146 = A28 193 242
I 13 8280 225 1 d4R2 231 =04

Data are presented as a mean = SD of time (s) required for | lavage eycle. Time for total on each stage of lavage cycle is expressed as a mean = SD. Instilling
time (stage @) is mean tme (s) required for instilling saline into the Tung. Retaining time (stage by is mean time (3) applied for retaining saline in the Tung. Draining
tme (stage ¢) is mean thne () required for draining favage fuid (o the container. Preparing time (stage dy is mean time (s) required for preparation for the next
saline instillation. tEach cvele time is the mean of stage a to d from 2nd (o the fast Javage. The st evele required 120-1080 s, £ Time (s) for the Ist 3 cycles
ranged within 230-270 <. and that for the <th o Tlth cyeles ranged within 625-680 .

steeper than that for the right fung. The time required to reach
10% of the initial concentration of albumin in the first lavage
was 2.730 s for the left lung. whereas it was 4.390 s for the
right lung. Notably. both K¢ and K, of the left and right lungs
were comparable (1.77 > 1077 and 4.97 1071 enifs,
respectively, for the left lung: 1.60 % 1077 and 3.20 > 1079
cn/s. respectively. for the right lung).

When 1.000 ml of saline was assumed to be instilled into the
lung in each cycle, the cumulative amount of albumin drained
into the favage fluid did not differ remarkably within retaining
time of 90-570 s (Fig. 4C). The curve in short retaining time

e
A

Table 4. Volume balance during WLL

(90 s slightly exceeded those in long retaining time (450-570 )
but reversed after 4.000 s. In this setting. the simulation
impressed that --3.,200 s (53.3 min) would be required for
enough elimination of albumin but that the efficiency of elim-
ination would not significantly change after 5.400 s (90 min).

Effect of Instilled Saline Volime on the Efficiency of WLL

Eqs. 13 described in MATERIALS AND METHODS meant that the
effect of WLL on elimination of proteins was affected by the
instilled saline volume into the lung. As shown in Fig. 4D,

First Cyele

Second to the Last Cyele

Instilled Volume. Drained Volume. liters

Average Instilled

Average Drained

Volume, liters Total Instilled Total Drained Volume,

Case Left/Right fiters (recovery %) Volume. liters {recovery <) Volume. liters liters (recovery %)
1 L 1.70 105 (61.8) 0.96 0.92 (96.6) 20.0 18.7 (93.7)
R 1.90 1L.10 (57.9) 1.04 FOT(97.1) 12.3 10.1(82.1)
2 L 1.40 0.50 (35.7) 0.55 051914 11.9 10.1 (84.9)
R 1.50 0.90 (60.0) 0.84 0.81 (96.6) 17.5 16.4(93.5)
3 L 1.50 1.00 (66.7) 0.83 0.82(96.3) 16.9 16.6 (93.8)
R 1.70 0.90 (52.9) 0.88 0.89 (100.3) 18.5 i7.8 (95.9)
4 L 0.90 037 411 0.64 0.63(97.1) 16.5 [4.7 (89.3)
R 1.40 1.00 (714 0.96 0.93 (97.0) 28.2 27.0 (95.7)
5 L 0.60 0.15 (25.0) 0.49 0.46 (94.2) 9.90 8.91 (90.0)
R 1.00 0.32(32.0) 0.59 0.56 (95.4) 2.2 11.0 (90.2)
6 L 1.00 0.60 (60.0) 0.55 0.53(96.6) 114 10.7 (93.4)
R 1.00 0.50 (50.0) 0.63 0.61 (95.8) 13.0 12.092.3)
7 R 1.00 0.50 (50.0) 0.76 0.73 (98.6) 15.5 14.8 (95.5)
8 L 1.10 0.27 (24.3) 0.94 0.85(89.7) 152 13.0 (85.0)
R 1.30 0.47 (36.0) 0.97 0.95 (98.5) 19.8 18.5 (94.4)
9 L 1.80 0.93(51.9) 1.58 148 (93.8) 17.6 15.7 (89.5)
R 2.30 1.28 (557 1.94 1.90 (97.8) 25.6 24.0 (94.1)

The instilling volume of the Ist cycle in case 1-7 was determined by the following equations: functional residual capacity (ml) X 0.45 or 0.55 + tidal volume
for the left and right lung. respectively. In case 8 and 9. saline was allowed to be instilled into the fung as much as possible from a bottle at 30 cm height from

the tracheal tube.
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Fig. 2. Theoretical concentrations (lines) and measured concentration (plots) of 1gG (4), wansferrin (8). albumin (C). and p2-microglobulin (D) in the drained
aliguot of lavage fluid for each cycle. The vertical axis is the concentration of the protein on a log scale. and the horizontal axis indicates the time after the

beginning of WLL.

when the cumulative eliminated albumin in case 1 was esti-
mated in silico with fixed lavage cycle time at 240 s, the
eliminated albumin appeared to increase as the instilled volume
increased during 0 to ~3.200 s. After 3.200 s. the eliminated
albumin gradually increased. but the volume effect seemed to
be diminished.

Exceptional Substances Thar Fail 1o Follow the
Mathemarical Model

Although we applied our mathematical model to the transfer
of various substances during WLL. we found that the following
substances did not follow the model.

Gastrin and urea. Measured levels of gastrin and urea did
not exhibit an exponential decreasing phase but instead reached
a plateau in the early stage of WLL (Fig. 5. A and B). Thus
calculation of K, was difficult. Permeation of gastrin and urea
from the blood to the lavage fluid occurred so quickly that the
theoretical curves were hardly maiched with the actual mea-
surements. which themselves fluctuated markedly during the
plateau phase.

SP-D. The SP-D concentration in the drained lavage fluid
decreased consistently to a minor extent in the four lungs in the
absence of an exponential phase and quickly reached a plateau
in the early phase (Fig. 5C). As alveolar type II cells and

nonciliated Clara cells abundantly release SP-D into the lower
respiratory tract, this early plateau phase reflects its active
release in situ.

GM-CSF auioantibody. Although the quantified GM-CSF
autoantibody belongs to an [gG isotype. theoretical curves of
the concentration in the drained lavage fluid did not fit with the
measured autoantibody concentration even upon substitution
of various sets of coefficients with K, and K, in all 17 lungs
(Fig. 5D).

DISCUSSION

By using a mathematical model based on measured concen-
trations of proteins. this study investigated the transfer of
proteins from the surfactant and blood into the lavage fluid
during WLL. We confirmed that the transfer followed a time-
dependent differential equation, which assumes that the rate of
transfer is proportional to the transmission coefficient. the
effective surface area. and the protein gradient between the
body compartment and lavage fluid (44).

By using various methods (e.g.. comparisons of the protein
concentrations between the plasma. sputum, and BALF) and by
proving that the IgG1/IgG2 ratio between the BALF and serum
are comparable, previous studies demonstrated the transfer of
circulating proteins into the alveolar spaces (2. 14. 18, 28. 39).

AJP-Lung Cell Mol Physiol + doi:10.1152/ajplung.00239.2014 « www.ajplung.org
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More recently, intravenously injected GM-CSF autoantibodies
were detected in the BALF of nonhuman primates and were
observed to reproduce PAP (35). These results indicate that the
antibody can cross the air-blood barrier (35). The kinetics of
transfer from the blood to the air space and vice versa was
studied both in vitro and in vivo (3. 23. 26, 27, 34). In one
study. the transmission coefficient (10 ~7-10 7 cny/s) of various
proteins across a monolayer of A549 cells was shown to
indicate bidirectional transfer. These coefficients appear to be
inversely correlated with the molecular weight of proteins (22).
In another study. the wansmission coefficient for proteins in a
monolayer of rat alveolar epithelial cells in vitro was within
107%-1077 cny/s. whereas that for albumin in sheep lung in
vivo was 5 X 107" em/s (11, 17). Thus mass transfer from the
blood to the air spaces may be continuously taking place even
at steady state.

In previous studies by Ikegami et al. (15). surface tension
maintained by surfactant materials covering the alveolar sur-
face was found to have a probable role in interfering with
massive transfer and subsequent accumulation of circulating
proteins in the air spaces. Interference with the wansfer is
known to be disrupted by the elimination or deficiency of SP-B
(15. 16). Lung lavage may remove surface-active materials in
the alveoli and thus temporally disrupt the mechanisms that
interfere with the influx of circulating proteins. It is for this
reason that we focused on WLL to clarify the mechanism of
protein transfer from the blood or surfactant to the lavage fluid.
We found that the protein transfer followed a time-dependent
mathematical model that was made analogous to the heat
transmission model. To our knowledge. this is the first study
that has clarified the mechanism of protein transfer in the lung
during WLL.

To postulate a mathematical model. we assumed that the
transfer of proteins from each body compartment to the
lavage fluid consists of two pathways. namely transfer from
the accumulated surfactant to the lavage fluid and transfer
from the blood to the lavage fluid. The latter may be further

divided into two pathways. namely tranpsfer from the blood
through the surfactant and direct transfer to the lavage fluid.
However. we did not distinguish between these two latter
pathways in this study because the transfer of a protein across
the air-blood barrier seemed to be rate limiting. We found that
protein transfer from the surfactant to the lavage fluid appeared
to have K, values independent of the molecular weight and
other properties. It is notable that the K, values did not differ
among patients. indicating the reproducibility of the model.
However, mass transfer from the blood to the lavage fluid with
variable Ky, values did appear to be affected by the molecular
weight of the protein because the protein was transferred
through a semipermeable membrane consisting of endothelial
cells. basement membrane. and type I pneumocytes. Transcy-
tosis was proposed as the primary mechanism of protein
transfer for large molecules and of partial paracellular diffusion
of small molecules (7. 23). However. the true mechanism
remains controversial. As indicated in this study. transfer of
Ba-microglobulin (molecular weight of 11 kDa) from the blood
to the lavage fluid had K, values that were two orders of
magnitude higher than those of albumin. transferrin. and IgG.
which had molecular weights of 66. 80, and 150 kDa. respec-
tively. This difference suggests that B2-microglobulin diffusion
possesses a mechanism that is different from that of other
proteins. i.e.. it is supposed to be mainly transcytosis for
albumin. transferrin, and IgG but mainly paracellular diffusion
for Ba-microglobulin. Further analyses will be required to
clarify the mechanisms by measuring the permeability of
various substances with molecular weight of 10-60 kDa to
confirm a “gap” in permeability coefficient K, among sub-
stances with molecular weights in this range.

It is notable that the decrease in concentrations of low-
molecular-weight substances in the lavage fluid. namely urea
(molecular weight of 60 kDa) and gastrin (molecular weight of
2.1 kDaj, was inconsistent with our mathematical model. The
measured concentrations appeared to fluctuate and appeared to
be independent of time. Moreover, the phase of exponential

AJP-Lung Cell Mol Physiol « doi:10.1152/ajplung.00239.2014 « www.ajplung.org
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decrease was hardly defined in six out of ten lungs examined:
when there was any decrease. the phase lasted within 1.000 s
after the start of WLL (data not shown). This characteristic was
likely due to the high permeability of the air-blood barrier to
the molecules. Similarly. Rennard et al. (32) reported that urea
was more able than glucose and albumin to permeate into the
lavage fluid. as observed in normal volunteers with saline
instilled into their lung segments.

SP-D is produced by alveolar type II cells and nonciliated
Clara cells in the lower respiratory tracts and is secreted into
the air space (43). Although SP-D is detectable in the sera of
patients with aPAP, its levels are much lower than those of
BAL (12). Thus SP-D transfer from the blood to the air space
is negligible. The high concentration of SP-D in the lavage

J y each lavage cycle on the theoretical decreasing
4000 goog oo UAST S BV e
. curve of albumin concentration in the drained

Time (s) lavage fluid. The time assumed for the retaining

stage was variable: . 540 s b. 360 s: . 240 51 d,
120 s: e 60 s:and fo 30 s, The vertical axis
indicates the albumin concentration in the lavage
fluid (mg/mi). The horizontal axis indicates the
time after the beginning of WLL. B: theoretical
(lines; black. left: gray. right) and measured
(plots: O left. 4. right) concentrations of
albumin in the drained lavage fluid in each cycle.
The vertical axis indicates the albumin concentra-
tion in the lavage fluid (mg/mh). The horizontal
axis indicates the time after the beginning of
WLL. : simulation curves of cumulative
amount of albumin drained in the drained Javage
fluid when the refaining time varied with 90
(solid fine). 210¢small dashed line). 450(dotted
line). or 570(large dashed line) s. D: cumulative
amount of eliminated albumin in the drained
lavage fluid. An in silico evaluation by changing
instilled saline volume varied with 600 (black
solid line). 1400 (dotted line). or 2.400 (gray
solid liney ml.

fluid was likely due to its continuous production in the lung.
The rate of its production was estimated to be 6—13 mg/h on
the basis of evaluation of four lungs (data not shown).

The lung is the organ that most abundantly produces GM-
CSF, a factor that is critical for terminal differentiation of
alveolar macrophages. as it promotes the expression of the
transcription factor. PU.L (38). It is suggested that IgG-type
GM-CSF autoantibody is pathogenic and is known to be
transferred from the lung capillaries into the air spaces
immediately formed by GM-CSF autoantibody complex to
become undetectable by our GM-CSF autoantibody ELISA
system (30).

Furthermore. we had better to reconsider the adequacy of the
present mathematical model when it was applied to substances
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Fig. 5. A and B: actual measurements (plots) of gastrin or urca concentration in the drained lavage fluid did not exhibit the exponential decreasing phase but
reached a plateau fluctuating in the early term. These seemed to migrate immediately from the blood to the lavage fluid. Thus the theoretical curves (lines) were
hardly fitted with the actual measured concentration. (' concentration of surfactant protein 1D (SP-D) in the drained lavage fuid revealed slight decrease without
exponential phase and soon reached a plateau phase in the early term. As SP-D is abundantly released from alveolar tvpe 1 cells into the tower respiratory tracts.
this early platcau phase probably reflected the active release in situ. D actually measured granulocyte/macrophage colony-stimulating factor (GM-CSF)
autoantibody concentrations were consistently under the theoretical curve especially in the carly stage.

with lower molecular weights by assuming two permeation
coefficients. such as Ky (coefficients from the blood to the
lavage fluid through surfactant) and K> (from the blood
directly to the lavage fluid).

In the present study, the recovery rate in the first draining
lavage fluid was lower than those after the second lavage.
Although the first instilled saline remained in the lower respi-
ratory tracts. we did not mind the remaining volume at the first
draining because we thought that the remaining lavage fluid
could be recovered after the second draining. Therefore. we did
not intentionally extend the first draining time longer than
those of other cycles. Although we usually perform percussion
or vibration on the patient’s chest, the recovery rate at the first
draining was not improved by these procedures. It is likely that
the low recovery rate and its variability of the first lavage
shown in Table 4 were due to the early cessation of the first
draining.

To date. methods of WLL for the treatment of PAP have not
been standardized (25). Michaud et al. (29) recommended
instilling 1 1 of saline into the lavage lung and then to clamp the
draining tube for 4-5 min (29). Bonella et al. (4) and Paschen
et al. (31) determined the number of lavage cycles by measur-
ing the optical density of each lavage fluid. They applied

statistical evaluation to data from a number of WLLs to find the
relationship between instilled saline volume and eliminated
proteins. Although their approach is fundamentally different
from ours. their finding that instilling volume is an important
element for determining the amount of climinated protein was
confirmed in this study (Fig. 4D). The protocol for WLL used
in this study were variable among participating hospitals. and
thus time of each cycle varied between 213-630 s, including
120540 s for the retaining time. As for our mathematical
model. the number of cycles and the retaining times did not
influence the efficiency of WLL. Based on Eg. /, the amount of
proteins eliminated by WLL was dependent on time after the
beginning. According to the volume effect demonstrated by in
silico simulation in this study (Fig. 4D). larger instilled volume
appeared to improve the efficiency of lavage. However. the
simulation also suggested that the effect is limited within some
range of time. Previous studies. however. demonstrated the vol-
ume effect (4). In this regard, total eliminated albumin concen-
tration significantly correlated with instilling saline volume in
actually measured values in 17 WLLs of the present study with
Rho value at 0.69. However. we have to consider the possibility
that it also prolonged the duration of instilling and draining time,
and thus longer time for each lavage cycle increases the elimi-
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nated protein(s). Thus our mathematical model may be useful to
predict the amount of eliminated proteins at a certain time point
after the beginning of WLL.

In conclusion. we demonstrated that protein transfer in the
lung during WLL followed a relatively simple, mathematical
model based on diffusion and that this model could be ex-
pressed in terms of a number of differential equations. As an
exception of the present mathematical model, substances with
low molecular weight do not follow the theory. Our study. not
only contributes to the design of an efficient regimen for WLL.
but also reveals the mechanism of delivery of specific large
drug molecules across the air-blood barrier. such as antibody
drugs.

APPENDIX

The Effective Alveolar Surfuce Area

The effective alveolar surface area was calculated from the data for
the alveolar volume. Vi according to the following equations: A, =
6.4-10%-V 433, For a person with 74 kg body wt. both A, and V.4 were
reported (0 be 143 m? and 3.338 ml. respectively (10). The effective
surface area of the pulmonary capillaries. Ap. was estimated [rom the
following formula (10): A, = 0.89-A.. The relationship between
alveolar surface area. Sa. and alveolar volume. V.. depends on the
number of alveoli. S increases as the number of alveoli increases at
a fixed value of Va. According to Ref. 10. the average lung volume
is 4.300 mi. and the average alveolar surface is (143 = 12) X 107 cm?
in normal subjects with an average body weight of 74 kg at 19-40 yr
of age. Under these conditions. air-space volume density is 0.865 =
0.013 cm*/em”. and alveolar surface density is 370.6 = 28.9 em™/em’.

We set

(Al)

where. the right side of the equation is an expression for the
constant shape parameter. f3.
According to the report described above (V5 and S in the space V)

Sz\ o) 3
— = 370.6 cm~/em” (A2)
\Y%
Sy = 143 % 10 ent’ (A3)
Vi X R
—= = 0.865 cm”/cm” (A4)
Vv
From Egs. A2 and A3,
V = 3859 ml (A5)
and from Egs. A4 and AS
Vi = 3338 mi (A6)

where the anatomical dead space is 4,300 — 3.338 = 962 ml.
Introducing Egs. A3 and A6 into Eq. Al.

— = §0.02 (A7)

On the basis of Eq. A/ (note that Sa is in m* and V4 is in mi).

Lafts

5
Sa=P7 VA5 =6.403 X 107V, (A8)

The value of 3 may be considered as constant even with a change
in Va in the same subject. as the number of alveoli and the shape do
not change. particularly in the supine position.
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Method for Optimizing the Transmission Coefficients

A program was written in Visual Basic Application using various
coefficients to calculate the theoretical substance concentrations in the
lavage aliquots. For explanation. we show an example of simulation
used to obtain the best fitting curve shown in Fig. 2C. As shown in
Appendix Fig. AlAL the value for K could be determined to be 1.8 X
1077 cn/s by the least-square method until 3.000 s when Ky, was
assumed o be 0 cn/s. Next. Ky value was determined 0 be 5.2 X
1071 em/s again by the least-square method by 9.018 s. As shown in
Appendix Fig. A1B. the theoretical curve appeared closer to the dotted
actual measurements. Then K, was changed to 6.1 X 107 em/s
manually. as shown in Appendix Fig. AIC: the theoretical curve

A K.:1.8 x 107 cm/s, K :0 cm/s

= 10000
=

a % 1000

© £

S5 100
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S et T . conc

i& @ 10 . - . it N
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s>
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G .£
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] 2000 4000 6000 8000 10000
Time (s)

w
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£ 10000
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25
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1 SN P — -
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Time (s)
Fig. Al. Example of simulation used to obtain the best fitting curve shown in
Fig. 2C.
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completely coincides with the dotied actual measurements, Therefore,
K, was determined 1o be 6.1 % 1071 env/s,
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DIFFUSE LUNG DISEASE

Duration of Benefit in Patients With
Autoimmune Pulmonary Alveolar Proteinosis
After Inhaled Granulocyte-Macrophage
Colony-Stimulating Factor Therapy

Ryushi Tazawa, MD; Yoshikazu Inoue, MD; Toru Arai, MD; Toshinori Takada, MD;

Yasunori Kasahara, MD, FCCP; Masayuki Hojo, MD; Shinya Ohkouchi, MD;
Yoshiko Tsuchihashi, MD; Masanori Yokoba, MD: Ryosuke Eda, MD;

Hideaki Nakayama, MD; Haruyuki Ishii, MD; Takahito Nei, MD;

Konosuke Morimoto, MD; Yasuyuki Nasuhara, MD, FCCP; Masahito Ebina, MD:

Masanori Akira, MD: Toskio Ichiwata, MD; Koichiro Tatsuini, MD, FCCP;

Etsuro Yamaguchi, MD; and Koh Nakata, MD

Background: Treatment of autoimmune pulmonary alveolar proteinosis (aPAP) by subcutaneous
injection or inhaled therapy of granulocyte-macrophage colony-stimulating factor (GM-CSF) has
been demonstrated to be safe and efficacious in several reports. However, some reports of subeu-
taneous injection described transient benefit in most instances. The durability of response to
inhaled GM-CSF therapy is not well characterized.
Methods: To elucidate the risk factors for recurrence of aPAP after GM-CSF inhalation, 35 patients
were followed up, monitoring for the use of any additional PAP therapies and disease severity
score every 6 months. Physiologic, serologic, and radiologic features of the patients were analyzed
for the findings of 30-month observation after the end of inhalation therapy.
Results: During the observation, 23 patients remained free from additional treatments, and
twelve patients required additional treatments. There were no significant differences in age, sex,
symptoms, oxygenation indexes, or anti-GM-CSF antibody levels at the beginning of treatment
between the two groups. Baseline vital capacity (% predicted, %VC) were higher among those
who required additional treatment (P <.01). Those patients not requiring additional treatment
maintained the improved disease severity score initially achieved. A significant difference in the
time to additional treatment between the high %VC group (%VC = 80.5) and the low %VC group
was seen by a Kaplan-Meier analysis and a log-rank test (P < .0005).
Conclusions: These results demonstrate that inhaled GM-CSF therapy sustained remission of
aPAP in more than one-half of cases, and baseline %VC might be a prognostic factor for disease
recurrence.
Trial registry: ISRCTN Register and JMACCT Clinical Trial Registry; No.: ISRCTN18931678 and
JMATIA00013; URL: http://www.isrcin.org and hitp//www.jmacct.med.or.jp

CHEST 2014; 145(4):728-737

Abbreviations: A-aDO, = alveclar-arterial oxygen difference; Ab = antibody; aPAP = autoimmune pulmonary alveolar
proteinosis; AT = additional treatment; BALF = BAL fluid; CEA = carcinoembryonic antigen; DLco = diffusing capacity of
the hung for carbon monoxide; DSS = disease severity score; FR = free [rom addmon‘d treatment; GM-CSF = granulocyte-
mac roplug( colony-stimulating factor; IQR = interquartile range; K1-6 = Krebs von den Lungen-6; LDH = lactate
dehydrogenase; PAP = pulmonary alveolar proteinosis; ROC = receiver operating characteristics curve; SP = surfactant
protein; VC = vital capacity; WLL = whole-lung lavage

Autmm mune pulmonary alveolar proteinosis (aPAP)
is a rare g disease characterized by the accumu-
lation of surfactant protein (SP), which causes progres-
sive respiratory insufficiency.'8 The pathogenesis has

journal.publications.chestnet.org

been attributed to the excessive production of a neutral-

izing autoantibody against granulocyte- macrophage
colony-stimulating factor (GM-CSF) that i impairs GM-
CSF- do endent surfactant clearance mediated by
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alveolar macrophages. > On puhnoz}em' function test-

ing, the most conmmon pattern seen is that of a restric-

tive defect, with a disproportionate roduction in diffusing

capacity of the lung for carbon monoxide (D1.co) zoh«

tive to a tnodest impairment of vital capacity (VO).> The

disease is usually treated by whole-lung lavage (WLL),
which remains the standard therapy to date,

The first patient successfully treated with suberta-
neously administered GM-CSE was reported in 19969
In an international multicenter phase 2 trial study,
14 patients were treated with GM-CSF by \LIbCU[J~
neous m;cci ion in escalating doses over a 3-month
pmlod with an overall response rate of 43% 101 A
subsequent single-center study of 21 patients with
aPAP treated with GM-CSF by subcutaneous admin-
istration in escalating doses for 6 to 12 months re ported
an overall response wfw of 48% 32 Several smgk* cases
of subeutancous GM-CSE therapy have repor ted simi-
lar outcomes. 4 However, local reaction at sites of
injection and other minor toxicities occurred in 85% of
patients receiving subcutaneous GM-CSE?
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GM-CSF inhalation is a promising alternative ther-
apy for aPAP that has been demonstrated to lead to
functional, biologic, and radiologic improvement.}515
Our national, multicenter phaxc‘ study revealed that
the therapy reduced alveolar-arterial oxygen differ-
ence (A-aDO,) by 12.3 mm Hg in 35 pzztlents who
completed the therapy, resulting in 24 responders.
No treatment-related side effects were noted. OFf
importance. our previous phase 2 study showed that
there was no significant difference in serol ogic, physi-

ologic, and CT scan testing ("(C(pi for serum K!Ob‘; von
den Lumgen-6 (K1.-6) ]e\ 915 setween the responders
and the nonresponders.™

There is limited information regarding the duration
of benefit after various treatments of aPAP. In the lit-
erature analysis of 55 cases with a therapeutic response
to WLL, the median duration of clinical benefit from
lavage was 15 months.? A phase 2 study of subeu-
tancous CM-CSF administration demonstrated that
45% of patients required WLL during follow-up
observation of 39 = 17.3 months.? In a retrospective
analysis ol inhaled GM-CSF therapy (250 pg bid),
five of 12 patients manifest progressive disease dur-
ing observation.”” As the disease progresses very slowly
and can fluctuate in some cases, it is necessary to eval-
nate the pmcfnosu by momionng )rosp(‘atiu 2y at
the same time p()lﬂi? dH(‘I’ the treatment and b\ dis-
ease severity score as well as the need for additional
treatment. The aim of this study was to define the
duration of benefit among patients who underwent
GM-CSF inhalation therapy.

MATERIALS AND METHODS

Patients and Protocols

The present study prospectively observed patients who partic-
ipated in a multicenter phase 2 trial (35 patients, registered as
ISRCTNISH31678 and TMAIIAO0013) of GM-CSF inhalation
therapy described previously. In brief, patients who had lung
biopsy or eytologic findings diagnostic for pubmonary alveolar
proteinosis (PAP), including elevated serum anti-GM-CSF anti-
body (Ab) levels and no haprovement during a 12-week observa-
tion period. entered the treatment phase. Recombinant human
GM-CSF dissolved in 2 ml of sterile saline was inhaled using an
LC-PLUS nebulizer (PARI International). The treatient consisted
of high-dose CM-CSF administration (125 pg bid on days 1-8,
none on days 9-14; sargramostim) {or six repetitions of -week
eycles, then low-dose administration (125 pg once daily on days 14,
none on days 5-14) for six repetitions of 2-week cycles (for a total
dose of 15 mg). The clinical information including physiologic,
serologic, and radiologic features obtained' was compared with the
results of the followi ing 30-month observation.

Patients were regularly evaluated by their physicians at the
network hospitals after the GM-CSF inhalation thevapy. The wors-
ening dyspnea was evaluated with pulse oximetry, arterial blood gas
analysis, or both in outpatient settings. Disease sevexity in patients
was evaluated using PAP disease severity score (DSS) described
previously.)® Patients underwent additional treatments based on

Original Research

Downloaded From: http://journal.publications.chestnet.org/ by a Niigata University User on 05/20/2015



either of the following criteria: (1) DSS is 3 or 4 and symptoms are
worsening or (2) DSS 5, as shown in Figure 1. The consortium
office of Niigata University contacted the network hospitals every
6 months with a questionnaire regarding additional treatment and
disease severity score of the patient. The follow-up clinical informa-
tion obtained at each network hospital was entered into a data-
base to be compared with the results of the baseline clinical
evaluation of each patient. The data were collected from nine
clinical research centers in Japan {Hokkaido University, Tohoku
University, Chiba University, Kitasato University, vam Uni-
versity, Aichi Medical University, National limpxta] Oruammnon
hmlu Chuo Chest Medical Center, National H(}S})If&l Organi-
zation Yamaguchi-Ube Medical Center. and Nagasaki Univ 01‘~m'
Institute of Tropical Medicine).

The study was approved by institutional review board of Niigata
University (approval No. NH17-006) and the institutional review
boards at all p(n'hmp ating centers. Informed consent was obtained
from all control \ub;ﬁ‘c‘h The clinical information obtained by the
clinical studies was entered into a database to be compared with
the results of the 30-month ohservation. The study was designed
and monitored for data quality and safety by a steering committee
composed of the principal mvestigator at each participating site.
The steering committee held a conference twice a vear, where the
findings of the observation were monitored.

BAL Procedures and GM-CSF Autoantibodies

The steering conmittee edited a standard operational procedure
for BAL, which was followed by all participating institutes and
described previously.®# The concentration of GM-CSF auto-

' Multicenter Phase i Study i

l Baseline evafuationJ

] 4

ok Sargramostim (Total dose 15 mg )
2 6 cycles (12 weeks)

5\; 250 pg/day (d1-8) + no drug {d9-14)

+

% 6 cycles (12 weeks)

= 125 ug/day {d1-4) + no drug {d5-14)
: I

! 35 patients completed

n=17) §  (n=6) =8) § | (n=4)
Observation Additional treatment
1 (FRgroup) (AT group)

Ficure 1. Profile of the study cohort. AT = ad_djﬁoua} treatiment;
DSS = disease severity score; FR = free from additional treatment.
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antibodies in BAL fluid (BALF) or in serum were measured using
a sandwich enzyme-linked immunosorbent assay as described

493

previously.

Statistical Analysis

Numerical results are presented as the mean * SE or the median
and interquartile range (1QR). The ¥ test was used to evaluate
proportions for wmabios between high and low vesponders. The
paired ¢ test was used for comparisons between normally distrib-
uted data and the treatment periods. Comparisons of nonpara-
metric data were made using the Wilcoson signed-rank test. For
group comparisons, unpatred / tests and W xico\mx rank-sum tests
were used. All P values were reported as two-sided. Analysis was
performed using IMP software, version 8.0.2 (SAS Institute Inc}.

REsuLTs

Patient Characteristics and Requirements for
Additional Treatments as an Indicator of Recurrence

Demographic data of patients are shown in Table 1
During the 30 months of observation after the end
of GM-CSF inhalation, the need for treatments was
monitored as an indicator of disease recurrence in

each patient. Twenty-three patients were free from
additional treatinents during 30 months of observation
and were designated as FR (free from additional treat-
ment). T\whe patlenis who required additional treat-
ments, mclucimg six patients with recurrence described
in our previous study,’ were designated as AT (addi-
tional treatment). ()f those, two patlf‘nts maintained
most severe disease (1DSS 5) even after the GM-CSF
treatment and underwent subsequent WLIL. One
patient who had dyspnea, cough, and sputum produc-
tion did not respond to the GM-CST treatment and
underwent subsequent WLL. One patient with cough
and dyspnea showed worsening in Pao, and cough and
had WLL 12 months after the GM-CSF inhalation.
The other eight patients with dyspuea showed wors-
ening in Pao,/oxygen saturation by pulse oximetry
{two patients wor sened to DSS 5) and underwent addi-
tional therapy {(e-Fig 1); five underwent additional
GM-CSF inhalation treatments, two had WL1., and
one patient, a nonresponder, declined WLL and under-
went acetyleysteine inhalation, showing mucli improve-
mentin lwp(m& Median time to additional treatment
of the 12 patients was 50.5 weeks, with a range of 8.5
to 117.5 weeks. There was no significant chffezence in
age, sex, symptoms, smoking status, history of dust expo-
sure, arterial blood gas ana‘iv% numbers of responders
to GM-CSF inhalation, hv;torv of previous lung lavage,
and anti-GM-CSF-Ab titer between the FR and AT
groups (Table 1). There was no significant difference
in disease markers, including baseline levels of Pao,,
A-aDO,, BVC, %Drco, CT scan scores, lactate dehy-
drogenase (LDH), and kI -6 between the patieﬂts who
underwent WLL (n = 6, AT-WLL group) and those
treated with GM-CSF nﬁsahmon (n=>5, AT-GM group)
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Table 1—Baseline Clinical Characieristics of Patients Free From Additional Treatment and Those Who Required
Additional Treatment After GM-CSF Inhalation

TR (n=23) AT (n=12)
Characteristic No. % Median (1QR) or Mean = S No. % Median (IQR} or Mean = SE P Value
Age,y 23 52.5 (48-61) 12 525 (41.75-58) ek
Sex Do
Female 9 39 G 50
Male 1d 61 6 50
Responders 17 74 . 7 55 L 350
Duration of syiptoms, mo 23 20 {1161 12 - 1§ (7.75-72) TS
Symptoms o
Dyspnea 22 96 12 oo 360
Cough 10 43 7 58 65
Sputin S 35 1 35 Tl
Smicking status 390
Current smoker S 35 3 7
Ex-smoker 5 22 2 17
Never smoked 10 43 8 67
Dust exposure 22 . 11 o 27
Yes 8 36 3 18§
No It 64 5 52
Arterial blood gas analysis
Paco,, Torr 23 o 380207 12 390509 A0
Pao,, Torr 23 - 606G+ 2.1 12 254
A-aDO,, Torr 23 435 12
Discase severity score 23 12
GM-CSF autoantibody. pghnl. 23 22, 12
Previous hung lavage (> 6 mo
prior to study)
Yes 5 29 5 42
No 18 75 7 58

range (range from tho 25 th to the 7 th percentiles of the distribution).
«Caleulated using the Wilcoxon rank sum test.

PCaleulated using the X7 test.

Measured with patient in a supine position and breathing room air.
dCalculated using Student ¢ test.

“Caleulated using the following equation: A-aDO, = (PB ~ Pu,0) X F1o,

Pacoy/B + [Paco, X F10,X {1~ RYR} -

Pao,, where PB = barometric

pressure measured by local observatories; PH20 = partial pressure of water vapor in inspired air (assumed to be 47 mm Hg): F10, = fractional
concentration of oxygen in dry gas {assumed to be 0.21): and R = respiratory quotient {assumed to be 0.8).

(e-Table 1). However, changes in A-aDO, during the
GM-CSH treatment were szmnﬁmnﬂy hwhez in the
AT-GM group,

Association of Clinical Parameters With Requirement
for Additional Treatment

There was no significant difference in baseline find-
ings in terms of Pd() , Paco,, FEV,, and DLCO between
AT and FR groups. Both %VC ( (% predicted value) and
DEFVC were higher in the FR group (P<<.01) (Fig 2A

Table 2, e-Fig 2). There was no correlation butweon
baseime GV (J and age (P = .97), sex (P = 41), baseline
Pao, (P=.18), or baseline %D1co (P = 34). There was
no slgmﬁcant difference in high-resolution CT scan
scores and serum markers, uwhfdmd LIDH, KL-6, carci-
noembryonic antigen (CEA), SP-A, md SP-D {(Table 2.

732

As for differential blood cell counts, no significant dif-
ference was observed between FR and AT groups,
except for numbers of basopfnis and platelets. The cell
density ofmcu,rop};acr(‘s in BALF was lower in the
FR group than those in the AT group ( (P < .08), whereas
lymphoeytes were lower in the AT group as compared
with the FR group.

Next, clinical parameters at the end of treatment

were evaluated. The %D1.cO was lower in the AT group
than that in the FR group, and serum markers (eg,
LDH, K1L-6, CEA, SP-D, §P-A) and CT scan scores
were higher in the AT group than those in the 'R group
at the (md of treatment ( P < .05). However, there was
no significant difference in A~a})0,, blood cell counts,
and cell differentials in BALF (Table 3). The patients
free from additional treatment maintained the improved
disease severity score initially achieved (e-Fig 3).
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FiGURE 2. The association between VG (% predicted, %VC)
and dddm(mal treatments during the 30-mo observation period
(**p < .01). A, Baseline levels of %VC in FR and AT patient groups.
B Receiver operating cwrve of %VC. C, a.pi(m Meder plot show-
ing patients o} the hig?u %V C group \/O\/C 80.5) and those of the
Iow BVC group {(%VC < 80.5). AUC = area under the receiver
opemhn;_ curve; VO = vital capacity. See Figure 1 legend for
expansion of other abbreviations.
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Predictive Value of VC for Prognosis After
GM-CSF Inhalation

Because only %VC and %FVC differed between
FR and AT groups among treatment-related pretreat-
ment factors, the predictive value of parameters for
recurrence after GM-CST inhalation was evaluated
using receiver operating characteristics curve (ROC)
analysis and Kaplan-Meier analysis of time to addi-
tional treatment.

For ROC anaiysis, the area under the ROC curve was
calculated nonparametrically, as proposed by Hanley
and MeNeil.2 An additional therapy was defined as a
positive indicator for disease recurrence. When the
cutofl level of 80.5% was set for %VC, the baseline
%VC predicted the additional t'hcrap\’ with a sensi-
tivity of 92% and a specificity of 74% (¥ig 2B).

For Kaplan-Meier analysis of time to additional
treatment, we divided the patients into two groups,
namely the high %VC group (%VC = 80.5) and the
low %VC aroup (%VC <80.5). A significant difference
in the time to additional tle‘ttment between the two
groups was seen when the whole period of follow-up
was compared (P =.0001) {Fig 2C). In the univar-
iate Cox proportional analysis of baseline markers,
%VC < 80.5% (hazard ratio, is. 492: 95% CI, 3.55-337.68;
P < .0001) was associated with additional treatment,
whereas no correlations were found between addi-
tional treatment and age, sex, baseline Pao,, changes
in A-aDQO,, and baseline levels of LDH, KL-6, SP-A,
CEA, and anti-GM-CSF-Ab.

Subgroup Analysis: To test whether VC is an inde-
pendent predictive factor for the time to additional
therapy. we did subgroup analyses because of the small
number of the AT patients. The patients were divided
into two groups of an upper one-half and a lower one-
half regarding age; sex; baseline Pa0,; change in A-aDO,;
baseline !ovoh of LDH, KL-6, SP-A, CEA; and anti-
GM-CSF-Ab. In these subﬁronps a significant differ-
ence in the Hime to additional treatinent between the
high %VC group {(%VC=80.5) and the low %VC group
t%\ C < 80.5) was still evident, suggesting tha’( vC
might be an independent factor predicting the time
to additional therapy (e-Fig 4).

Time Course of Autoantibody Levels: In our pre-
vious reports, serum levels of anti-GM-CSF-AD levels
did not change during treatment.’® To study longitu-
dinal chdngm of serum levels of anti-GM- (;SF Ab
after the inhaled GM-CSF therapy, serum samples
were collected for anti-GM-CSF-AD testing as an
optional evaluation after the 30-month ()bservcztmn
period. The serum levels were unchanged during the

observation period except for three cases (e-Fig 5'\ In
two cases, the serum levels increased by > 100 pg/mlL.,
and one case required an additional treatment, whereas
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Table 2—Baseline Pulmonary Function, Radiologic Appearance, Serum Biomarkers, Hematologic Indexes, and BALF
Cell Findings in Patients With PAP in FR and AT Groups Before GM-CSF Inhalation Treatment

FR AT
; ) r :
Measure No. Mean = SE or Median (IQR) No. Mean & SE or Median (IQR) P Vahe
Pulmonary function
VG, % predicied 23 856 12 71.6+38 0045
FVC. % predicted 23 850 12 714539 0064+
g ) 23 87. 12 7 Bl
Do sedicted 253 57. 10 0832+
HRCT scan scores®
Upper iung region 23 12 1.5 (2-5) RV
Middle lung region 23 11 4 (3-5) L38¢
Lower hmffl gion 23 12 5 (4-5} 36
Serwn biomwkers of PAP
LDH. TUA, 25 12 .26+
CEA, ng/hul. 23 5. 12 30
KIL-6, U/L 23 10,038 % 1,531 12 9, VM 52,120 s
SP-A.ng/ml. 23 127 = I’i 2 1553+ 2 29
SP-D, ng/ink, 23 : 2 200 % 4
Hematologic indexes
WRBC count. cells/p. 23 5.608 = 267 12 6.358 BN
Neutrophils. cells/p.L 22 3,428 = 200 12 3,59 62
Monocytes, cells/jul, 22 344 2] 12 3 { A5
Lymphocytes, cells/pl. 22 1730 = 147 2 2,122 =198 120
Eosinophils, cells/pL 22 107 =28 12 iQQ = o? .058¢
Basophils, cells/pL 29 183543 12 00087
Hemoglobin, ¢/dl. 23 15403 12 Kalstes
Platelets, X 10¢ cells/pl, 23 224+9.1 11 00460
BALL cell classification. %
Alveolar macrophages 17 63 3.6 5 3867 00367
Neutrophils 17 52515 5 10.8 2.7 082
Eosinophils 17 () 84 +0.32 5 040 0.60 52
Lymphocytes 17 2%38 5 50471 027s

BALF = BAL fluid: CEA = carcinoembiyonic antigen; DLCo = diffusing capacity of the lung for carbon monoside; HRCT = high-resolution CT;
KL-6=Krebs von den Lungen-6; LDH = }aoﬁi( dehydrogenase; PAP = pulmonary alveolar proteinosis; SP = surfactant protein: VO =vital ¢ capacity. See

Table 1Jegend for expansion of other abbreviations.
«Caleulated using Student £ test,
"Described previously. ™ left lung,
‘Caleulated using the Wilcoxon rank sum test.

the others did not. In the third case, the serum levels
decreased to 0.47 pwg/ml., and additional treatments
were not required.

DISCUSSION

In the present study we have prospectively ana-
lyzed, for the time to our knowledge, the require-
ments of additional therapy and disease severity scores
in 35 patients who completed GM-CSF inhalation
therapy. The results demonstrate that 23 patients were
free from administration of additional treatment dur-
ing the 30-month observation period, indicating the
enduring nature of the therapy. VC could be a uﬁc*fu}
predictive parameter for the recurrence of disease
after GM-CSY therapy. This study contributes to the
promotion of GM-CSF inhalation for initial therapy
of aPAP.

734

WIL remains the standard of care today. A retro-
spective analysis of 231 cases fozmd clinically signifi-
cant improvement in Pao,, FEV,, VC, and DLco and
reported that the median duration of clinical benefit
from lavage was 15 months2Ina report of 21 patients
with PAP who underwent WLL in an experienced
center, > 70% of patients remained free from recur-
rent PAP during 7-year observation.® In our study,
the median time to apphcahon of additional thelapv
was 30 months after GM-CSF therapy, suggesting
the effects of GM-CSF inhalation may be comparable
to those of WILL. Notably, the difference in changes
in A-aDO, during the GM-CS¥ treatment 'beiween
the AT-WLL group patients and the AT-GM group
patients suggests that nonresponders to the first GM-
CSYF treatment might be likely to undergo WLL when
disease recurred.

In a single-center, phase 2 study for subcutaneons
administration of GM-CSF for PAP, Venkateshiah et ali2
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Table 3—Pulmonary Function, Radiologic Appearance, Serum Biomarkers, Hematologic Indexes, and BALF Cell
Findings in Patients With PAP in FR and AT Groups at the End of GM-CSF Inhalation Treatment and Before the
30-Mo Observation

FR AT
¥ ¥ H
Measure No Mean = SE or Median (IQR) No. Mean &t SE or Median (IQR) P Value
Pulmonary fumction
VC, % predicted 23 934%3.0 12 2 0007
FVC, % predicted 23 $05+23.3 12 3 .0025¢
FEV/FVC 23 §5.6% 1.6 12 2.2 i3
Drco, % predicted 23 65434 11 7 00062
HRCT scan scorest
Upper lung region 23 12 3.5(2-4} 036
Middle lung region 23 i2 4{2.25-475) 023¢
Lower lung region 23 i2 4(2.25-5) 00390
Serum biomarkers of PAP
LM U/ 23 242 13 12 30818 00642
CEA, ng/mL 23 27206 i2 57=08 0075w
KL-6, UL 23 38752735 i2 6,565 = 1,017 028
SP-A, ng/mlL 23 8012 12 131+ 16 015
SP-D, ng/ml. 23 170 =34 12 304 =47 027
Hematologic indexes
WEBC count, cells/p1. 23 12 5,797 = 424 27
Neutrophils, cells/pL 22 12 3.026 =277 85x
Monocytes, cells/pwL 22 12 33841 e
Lymphocytes, cells/p L. 22 12 2,153+ 177 080
Eosinophils, cells/i L 22 12 233 =55 200
Basophils, cellvplL 22 12 43.7=84 A2s
Hemoglobin, g/dL, 23 148+1.3 12 414 524
Platelets, X 10% cells/iL. 23 2142 9.0 12 235 =12 A7
BALF cell classification, %
Alveolar macrophages 3 67=x4.1 3 58767 .28
Neutrophils 13 6622 5 7435 .8Ge
I‘:osiﬂophi]s 13 090 =046 5 0.82=0.75 93
Lymphocytes 13 25648 5 332x77 A1

See Table 1 and 2 legends for expansion of abbreviations.
*Caleulated using Student f test.

"Deseribed previously.® left lang.

“Caleulated using the Wilcoxon’s rank sum test.

reported that nine of 21 patients (43%) required WLL.
In a retrospective study of 12 patients who underwent
aerosolized GM-CSF the*mp), Wylam et al'” reported
that five of 11 responders had recurrence of disease.
In four of five patients, the mean time to relapse was
6.3 months and ranged from 5.5 to 12 months.” It is
notable that the dose of GM-CSF used in their study
ras twice that used in our study, although the prognosis
of our cases was comparable to that of their study.
PAP is often described as a lung disorder with restric-
tive ph\ siology. In the present stud) 18 of 35 patients
were in the norma} range (=80) in %FVC, whereas
the other 17 patients were mildly to moderately
restricted, which was comparable to previous studies. &
Seymour et al® investigated 14 patients who under-
went subcutaneous (JVI CSF administration and sug-
gested that higher VC before treatment was one
marker to define responsiveness to GM-CSF therapy.
In the present study, VC did not correlate with respon-
siveness to GM-CSF ther apy, but it showed signifi-

journal.pubiications.chestnet.org

cant association with the requirement for additional
treatment. Although limited by the small number of
cases, the subgmup analyses Sucwested that VC is
an independent factor from age, sex, baseline Pao,,
hangmn A-aDQO, ,andbﬂsoknc levels of serum mark-
ers, including anti-GM-CSF-Ab. However, there is
a possfb}ht\ thczt some clinical variables might be
intrinsically related to VC. The physicians” decision
for retreatment might be influenced by such clinical
markers. Notably, a recent study of a series of patients
with PAP followed in a reference center reported
that the need for lavage was significantly associated
with FVC.%

Reduction of VC might be due to two different fac-
tors: accumnulation of surfactant-derived materials in
the alveolar space and fibrotic changes of hing tissue.
In a study of a quantitative CT scan anaIVSIS of patients
\mi:h P XP \\'ho undelwent VV 1 } and Rhowed nnprove-

strated t}.)at t}. here was a reductmn in hmg wmg.xt

CHEST/ 145/ 4/ APRIL 2014 735

Downloaded From: http://journal.publications.chestnet.org/ by a Niigata University User on 05/20/2015



following lavage, whicl correlated with the dry weight
of the meo (ﬂim nt. The study demonstrated a sh}{’c
in the c"mmaE lung inflation toward more inflated
lung \mth a com\spondma increase in the mean lung
mﬂaﬂon Surfactant accumnulation might be associated
with an elevated ventilation- p("lfﬂ%l(m mismateh and
d)spmpomongzt( Jvim pcurod DrLcoin P yatients with

aPAP? Seymour et al” demonstrated serum levels of

SP-A correlated with VC in 14 patients at baseline.

The present study also showed that serum levels of

SP-A correlated with VC at baseline as well as after
treatment. However, requirement of additional therapy
was not significantly associated with SP-A at baseline.
Surfactant materials might be casily redistributed in
alveolar spaces and may :uot be related to the i impair-
ment of lung tissue t that might lead to additional
treatinent.

The other factor, fibrotic changes of fung tissue,
might be maintained even after CM- CST hmap\
or WLL. Pulmonary fibrosis has been reported to
be associated with PAP, and exposure to oxygen or
repeated WILL have been suggested as potential con-
tributors to fibrosis. Altlmucrh irreversible scarving
of the lung is rarely czz,soc“mt(,d with PAP a small frac-
tion of patwnts with PAP demonstrated substantially
xmpam*d 9N C and rather poor prognosis. To inves-
tigate this possibility, two radiologists reevaluated
baseline CT scans of 32 of the 35 participants for
findings other than PAP without knowing the study
rosuhs regarding responsiveness and prognosis of the
GM-CSF inhalation. They only pointed out traction
bronchiectasis in one pdizem { zesponder R}, bron-

chiectasis in one pat](‘nl (rcspondm FR), and nmih} e
bullae in one patient (responder, AT). Thus, we failed
to find any significant association between fibrotic
change in CT scan and zec{lmemeln of additional treat-
monts In the present study, t
patients in the FR group nnpsovcd from 85.9% to
93.4%, whereas those of pdf[lellt& in the AT group
chan%’d from 71.6% to 74.2%. The difference in
improvement between the groups might be associ-
ated with the balance of surfactant accumulation and
lung fibrosis in the lungs of patients.

f or future studies, it would be useful to explore
novel treatment regimens for patients with moder-
ately impaired VC. As shown in this study, inhaled
GM-CST therapy did not change serum levels of
anti-GM-CSF-Ab. However, the BALF titers of anti-
GM-CSF-Ab were reduced in re‘;p(md@rﬂ which was
likely due to the improved clearance in alveolar spaces.
The future treatments might include a combination
of GM-CSF inhalation v«ith WLL to improve the
environment of airway/alveolar spaces or with admin-
istration of rituximab to reduce the systemic produc-
tion of anti-GM-CSF-Ab.

738

the mean %VC levels of

In conclusion, this study demonstrated that VC
might be clinically useful in predicting the need for
additional th (*mpv in patients with aPAP who were
treated with inhaled GM-CST therapy. We believe
this study contributes to improving the quality of life
and treatinents for patients with aPAP.
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Secondary pulmonary alveolar proteinosis
complicating myelodysplastic syndrome results in
worsening of prognosis: a retrospective cohort
study in Japan
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Abstract

Background: cefondary pulmonary aiveolar proteinosis (SPAP) Is a very rare lung disorder comprising
approximately 10% of cases of acquired PAP. Hematological disorders are the must cornmon underlying conditions
of sPAP, of which 74% of cases demonstrate myelodysplastic syndrome (MDS). However, the impact of sSPAP on the
prognosis of underiying MDS remains unknown. The purpose of this study was to evaluate whether developrent
of sPAP worsens the progrosis of MDS.

Methods: Thirty-one cases of sPAP and underlying MDS were retrospectively classified into mild and severe case
consisting of very low-/low-risk or')ups and intermediate-/high-/very high-risk groups at the time of diagnosis o x”
MDS, according 1o the prognostic scoring system based on the World Health Orgam zation classification. Next, we
compared the characteristics, disease duration, cumulative survival, and prognostic factors of the groups.

Resuits: In contrast to previous reports on the prognosis of MDS, we found that the cumulative survival probability
for mild MDS patients was similar to that in severe MDS patien@;a This is likely due to the poor prognosis of pa?ier‘»tS
wath mild MDS, whose Z-year survival rate was 46.2%. Notably, 75% and 62.5% of patients who died developed fatal
ctious diseases and exacerbation of PAP, respectively, sucge<urw that the progression of PAP per se and/or
PAP-associated infection contributed to peor prognoesis. The use of corticosteroid therapy and a dxﬁ*usmg capacity
of the lung for carbory monoxide of less than 44% were predictive of poor prognosis.

Conclusion: Development of sPAP during the course of MDS may be an important adverse risk factor in prognosis
of patients with mild MDS.

Keywords: Proteinosis, Myelodysplastic syndrome, GM-CSF, WPSS5, Secondary pulmonary alveotar proteinosis, MDS,
PAP, Refractory anemia
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