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The origin of pathogenic autoantibodies remains unknown. Idio-
pathic pulmonary alveolar proteinosis is caused by autoantibodies
against granulocyte-macrophage colony-stimulating factor (GM-
CSF). We generated 19 monoclonal autoantibodies against GM-
CSF from six patients with idiopathic pulmonary alveolar proteino-
sis. The autoantibodies used multiple V genes, excluding preferred
V-gene use as an etiology, and targeted at least four nonoverlap-
ping epitopes on GM-CSF, suggesting that GM-CSF is driving the
autoantibodies and not a B-cell epitope on a pathogen cross-react-
ing with GM-CSF. The number of somatic mutations in the autoanti-
bodies suggests that the memory B cells have been helped by T cells
and re-entered germinal centers. All autoantibodies neutralized
GM-CSF bioactivity, with general correlations to affinity and off-
rate. The binding of certain autoantibodies was changed by point
mutations in GM-CSF that reduced binding to the GM-CSF receptor.
Those monoclonal autoantibodies that potently neutralize GM-CSF
may be useful in treating inflammatory disease, such as rheuma-
toid arthritis and multiple sclerosis, cancer, and pain.
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Ithough autoantibodies that cause paroxysmal cold hemo-

globinuria were demonstrated more than a century ago (1),
the origin of pathogenic autoantibodies remains unknown, de-
spite immense progress in understanding immunology and in the
knowledge of genes that predispose to autoimmunity (2). Ehrlich
proposed that mechanisms exist to prevent antibody production
against components of self and consequent damage (“horror
autotoxicus”) (1). Burnet showed five decades later that immu-
nological tolerance was acquired during fetal development and
developed the clonal selection theory of antibody formation.
Burnet proposed that autoimmunity was caused by a “forbidden
clone” (3). Antibodies are made up of a heavy (H) chain and
a light (L) chain, which contribute to the antigen-binding site
through six variable peptide loops, termed complementary de-
termining regions (CDRH1-3 and CDRL1-3). The diversity of
the antigen-binding sites is achieved partially by combinations of
H and L chains. Each H chain gene is formed somatically and
stochastically by recombination and joining of one each of the
~55 immunoglobulin heavy chain variable (IGHV), ~27 immu-
noglobulin heavy chain diversity (/GHD), and 6 immunoglobulin
heavy chain joining (IGHJ) genes. Each L chain gene is similarly
formed by using one of either ~40 immunoglobulin kappa vari-
able (IGKV) or ~30 immunoglobulin lambda variable (/GLYV)
genes, recombined with one of either 5 immunoglobulin kappa
joining (/GKJ) or 4 immunoglobulin lambda joining (/GLJ)
genes (4). There is evidence that certain V genes are more fre-
quently used in autoantibodies, such as IGHVI-69 (5), and certain
families of V genes are overexpressed in particular diseases, e.g.,
Graves disease (IGHV1 family), Hashimoto disease (IGHV3 fam-
ily), myasthenia gravis, chronic idiopathic thrombocytopenic pur-
pura (IGHV3-30), and Sjogren disease (IGHVI-69 and IGHV3-7)
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(6). Thus, one notion for the origin of pathogenic autoantibodies is
the propensity of certain V genes or alleles or preferred combi-
nations of H and L chains to give rise to high-affinity autoanti-
bodies against self-antigens (6). An elegant study showed that
authentic human monoclonal autoantibodies (mAbs) against
transglutinaminase 2 (TG2) in celiac disease used preferred V
genes (7). There were few somatic mutations in the mAbs so that
germ-line V genes could produce high-affinity autoantibodies
against TG2, but whether the autoantibodies against TG2 are
pathogenic for celiac disease is unclear (7). Conversely, an alter-
native origin of pathogenic autoantibodies is that the autoanti-
bodies arise in response to a pathogen antigen that mimics a self-
antigen (8).

One autoimmune disease that is clearly caused by pathogenic
autoantibodies that neutralize the bioactivity of the hemopoietic
growth factor or cytokine, granulocyte—-macrophage colony-stim-
ulating factor (GM-CSF), is idiopathic pulmonary alveolar pro-
teinosis (IPAP) (9-11). IPAP is a lung disease, caused by the
accumulation of surfactant protein in the alveoli, that leads to
severe respiratory distress. The typical treatment is periodic
bronchio-alveolar lavage (BAL) (12). GM-CSF is produced by
many types of cells when stimulated with microbial products or
inflammatory cytokines and is also produced by antigen-stimu-
lated T lymphocytes (13). GM-CSF stimulates the proliferation
and differentiation of committed progenitors that generate neu-
trophils, monocytes, macrophages and dendritic cells and also
activates differentiated myeloid effector cells such as neutrophils,
eosinophils, or monocytes to increase their activity or maturation
or prolong their survival (14-17). Small amounts of GM-CSF
produced in the lung are necessary for the maturation of alveolar
macrophages, which normally catabolize surplus surfactant in the
alveoli. Moreover, administration of GM-CSF ameliorates IPAP
(18). Animals or humans that lack functional genes encoding ei-
ther GM-CSF or the GM-CSF receptor have pulmonary alveolar
proteinosis (19).

Affinity-purified autoantibodies against GM-CSF from patients
suffering from IPAP transferred to nonhuman primates cause the
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development of the characteristic features of IPAP, including
milky BAL, an increased concentration of surfactants in BAL
and serum, and increased pulmonary leucocytosis (11). Although
transfers of serum or IgG have recapitulated the disease in hemo-
lytic anemia, pemphigus (20), and myasthenia gravis (21), IPAP is
one of the few human autoimmune diseases in which affinity-
purified autoantibodies against a specific protein have been dem-
onstrated to be sufficient to cause the disease, thus warranting a
detailed study of their pathogenic mechanism.

We have generated 19 human mAbs against GM-CSF from
six patients with IPAP. We demonstrate that the autoantibody
response is polyclonal, uses multiple Ig V genes, and targets
at least four different nonoverlapping epitopes on GM-CSF,
suggesting that GM-CSF itself is driving the antibody response
and thus the disease. The high number of somatic mutations
suggests that T cells are involved and that the memory B cells
have re-entered germinal centers and undergone somatic mu-
tation and affinity selection multiple times. All of the auto-
antibodies specifically neutralized GM-CSF bioactivity, and
the affinity of the antibodies to GM-CSF generally correlated
with the neutralization of bioactivity. Epitope mapping and
molecular modeling demonstrated that the mAbs most likely
block, by steric interference, the interaction of GM-CSF with
the GM-CSF receptor, thus preventing an effective signaling
complex. These mAbs that potently neutralize GM-CSF may
be useful in treating diseases in which the bioactivity of GM-
CSF is pathogenic.

Results

Generation of mAbs Against GM-CSF from Patients with IPAP. We
generated 19 mAbs against GM-CSF from six patients with IPAP
(Table S1). All 19 mAbs were structurally and genetically un-
related. The only sign of the preferred use of Ig V genes was the
greater use of IGHVI-2 or -3. However, some of these mAbs
using the same IGHV gene bound to different epitopes (below).
We noted that some mAbs had a high number of somatic
mutations in the IGHV gene, the highest number being 52,
meaning that almost one in every five nucleotides had been
mutated (Table S1). The median number of somatic mutations in
the IGHV gene was 30 (Fig. S1). In contrast, the average mu-
tation rate in human memory B cells and germinal center B cells
is 13.6 + 4.8 (22).

Neutralization of Bioactivity of GM-CSF. We used the human eryth-
roleukemia cell line TF-1, which depends on growth factors such
as GM-CSF or interleukin-3 (IL-3) to survive and proliferate, to
compare the ability of the mAbs to neutralize the bioactivity of
GM-CSF and IL-3 (10, 23). We found that all 19 mAbs had some
capacity to neutralize the ability of GM-CSF to promote pro-
liferation and survival of TF-1 cells (Table S1) and had no
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Fig. 1. Neutralization by mAbs against GM-CSF of bioactivity of GM-CSF. (A)
Washed TF-1 cells were incubated with titrations of the indicated mAbs and
200 pg/mL rhGM-CSF. After 4 d, metabolic activity of TF-1 cells was measured
by the water-soluble tetrazolium assay. (B) mAb F1 inhibits CD11b expression
level on primary neutrophils stimulated by GM-CSF. Titrations of F1 mAb
were added to heparinized blood with a high concentration of GM-CSF (10
ng/mL). The levels of CD11b on neutrophils were subsequently determined
by flow cytometry (Fig. S3).
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capacity to neutralize the bioactivity of IL-3 (Table S1 and Fig.
S2A). Fig. 14 shows the dose-response of representative mAbs
in inhibiting the bioactivity of glycosylated GM-CSF on TF-1
cells. Because high-affinity antibodies are more potent at neu-
tralizing low concentrations of a growth factor (24), we used
a low concentration of GM-CSF (200 pg/mL). From Fig. 14, it
can be seen that some mAbs were more potent than others at
neutralizing the bioactivity of GM-CSF. The addition of mAb F1
at 100 ng/mL to TF-1 cells growing in GM-CSF could completely
block cell survival in 6 d (Fig. S2B). We showed that selected
mAbs could neutralize the bioactivity of naturally glycosylated
GM-CSF produced in human cells on TF-1 cells (Fig. S2C). We
also treated whole blood with GM-CSF for 30 min at 37 °C to
stimulate primary neutrophils to express the integrin component,
CD11b, on their cell-surface (23). Using flow cytometry, we
measured the levels of CD11b on the surface of human neu-
trophils (Fig. S3) and observed in three experiments that the
mAb F1 neutralized the ability of high concentrations of GM-
CSF to induce CD11b expression on primary neutrophils (Fig.
1B). We also tested mAb C5 twice, and it inhibited the ability of
GM-CSF to induce CD11b expression on primary neutrophils.

Epitope Mapping. We used surface plasmon resonance (SPR) to
map antibody epitopes and observed that our panel of mAbs
bound to four nonoverlapping epitopes on GM-CSF (colored
green, yellow, blue, and red) and an additional epitope (colored
purple) that overlapped two of the epitopes (Fig. 2). In every
case, when we obtained more than one mAbD from a patient, they
bound to at least two nonoverlapping epitopes. In two patients
(C and E) from whom we generated six mAbs, they bound to at
least three nonoverlapping epitopes. We also epitope-mapped
a neutralizing murine mAb (4D4) against human GM-CSF (25)
and observed that this epitope overlapped the green and blue
epitopes (Fig. 2D). The epitopes bound by all 19 mAbs were
conformational and dependent on disulfide bond formation,
because none of the mAbs bound to GM-CSF on a reducing
immunoblot (Table S1 and Fig. S4). Conversely, all mAbs bound
to GM-CSF in a nonreducing immunoblot with the disulfide
bonds intact.

Amino Acid Mutations in GM-CSF to Map the Epitopes on GM-CSF. We
reasoned that antibodies that neutralized the bioactivity of
GM-CSF might bind to the amino acids that GM-CSF uses to
bind to its receptor subunits. We used single or double mutations
of human GM-CSF, chosen for their effect on the interaction
with the GM-CSF receptor alpha (GMR-a) or GM-CSF receptor
beta common (GMR-fc) subunits of the GM-CSF receptor, to
map where our mAbs in the different epitope groups bound to
GM-CSF. Most GM-CSF mutants with altered binding to the
GM-CSF receptor subunits had no obvious effect on the binding
of most of the mAbs. However, the GM-CSF point mutation,
D112R, drastically affected the binding of mAb B1 (Fig. S54).
We previously showed that residue D112 participates in a func-
tionally important interaction with GMR-a (25) and is physically
associated with GMR-« in the crystal structure of the GM-CSF
receptor ternary complex (25). Thus, the mAbs that belong to the
same nonoverlapping “blue” epitope group (B1, C5, and E3)
probably neutralize GM-CSF by sterically inhibiting GM-CSF
from binding to the GMR-a.

We detected effects of mAbs that bound to a different, non-
overlapping epitope group (the “green” group) in mutations of
residues 14 and 15 that are located at the start of the first helix of
GM-CSF, which binds to GMR-fc (25). As shown in Fig. S5 B
and C, with mAb E7, we saw a decreased dissociation from
GM-CSF mutated at either E14 or H15 to alanine. Conversely,
the dissociation rate of mAb ES, another mAb from this epitope
group, was increased by mutating residue H15 to alanine. H15 is
a buried residue located on helix A of GM-CSF. Mutation of
HI15 to alanine will likely disrupt the interactions between H15
and helix C (via H83 and Y84) and helix D (via P118 and F119),
perhaps altering the GM-CSF conformation and preventing the
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Fig. 2. Human mAbs against GM-CSF target mul-
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cytokine interacting with its receptor or mAbs. Thus, mAbs that
belong to the green epitope group probably neutralize GM-CSF
by binding to the surface of GM-CSF, which then sterically
inhibits GM-CSF from binding to the fc.

Fig. 3. Mutations on the surface of GM-CSF and area buried by the subunits of
the GM-CSF receptor. (A) The GM-CSF:receptor ternary model. GM-CSF is shown
in purple ribbon, the GMR-« in yellow molecular surface (with the NTD shown in
lighter shade), and the pc shown in blue (different shades for the two monomer
chains of the pc dimer). (B) Two views of the surface of GM-CSF using the col-
oring scheme in A. The surfaces that interact with the GMR-«a are in yellow, with
the GMR-fc in blue and the remainder of the cytokine colored purple. Some of
the residues targeted for mutation are highlighted, and key residues, shown by
mutation to markedly disrupt antibody binding, are shown in red.
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meaning they can bind simultaneously to rhGM-
CSF. mAbs in the leftmost column denote the cap-
tured mAb for each experiment. (C) Representative
mapping experiments. (Left) After capture of C3
and binding of rhGM-CSF, only E6, and not F1, can
bind. (Right) After capture of A1 and binding of
rhGM-CSF, both C3 and B1 can bind simultaneously.
(D) A map of the GM-CSF epitopes. Color coding is
maintained throughout. The 4D4 is a mouse mAb
raised against rhGM-CSF.

A1,E1

Fig. 34 depicts a model of the ternary complex, based on our
ternary complex crystal structure (26), of a partially refined crystal
structure of the GM-CSF:GMR-a binary complex and the crystal
structure of the homologous IL-5 receptor alpha subunit (27).
To visualize how anti-GM-CSF mAbs could interfere with the
bioactivity of GM-CSF and its formation of a signaling complex
with the GM-CSF receptor, we used Pisa (Version 1.37; www.ebi.
ac.uk/msd-srv/prot_int/pistart.html) to map and quantify the in-
teraction interface residues of the ternary GM-CSF:receptor
complex model. Fig. 3B shows the location of the E14 and D112
mutations on the GM-CSF structure and the surface buried on
GM-CSF by the two subunits of the GM-CSF receptor. Shown in
Table S2 is the total solvent surface area of GM-CSF and the
three parts of the GM-CSF receptor with which GM-CSF inter-
acts, namely the GMR-a and two domains of different fc mon-
omers. It can be seen that 30% of the surface area of GM-CSF is
buried by interaction with the receptor: 19% by the interaction
with the GMR-a, 7% with the D4 domain of fc (monomer 1), and
4% with the D1 domain of fc (monomer 2). A typical antiprotein
antibody buries between 600 and 1,000 A? of the surface area with
its antigen-binding site (28). If the binding sites of anti-GM-CSF
mADbs overlap the area buried by interaction with the GM-CSF
receptor, the mAbs could sterically interfere with the formation
of the signaling complex.

Affinity and Kinetics of Binding to GM-CSF and Correlation with
Neutralization of Bioactivity of GM-CSF. We used SPR to analyze
the kinetics of binding of selected mAbs to GM-CSF. Shown in
Fig. 44 are representative SPR data from a very high-affinity
mAD, a high-affinity mAb, and a moderate-affinity mAb. In
cases where we isolated multiple mAbs from the same patient,
we observed a range of affinities (Fig. 4B). Fig. 54 shows the
ICsy of representative mAbs from the TF-1 proliferation assay,
in comparison with their binding kinetics. There was a general
correlation of a decreased ICsq with a higher affinity and lower
off-rate but there was no correlation with on-rate (Fig. 5B).
However, we noted that a high affinity or a low off-rate did not
strictly correlate with the ability to neutralize the bioactivity of
GM-CSF. For example, mAb F1 has the best ICs of 0.8 ng/mL,
with mAb C3 the second best, with an ICsy of 2.7 ng/mL.
However, mAb C3 has the highest affinity of all of the anti—
GM-CSF mAbs (Kp at 3.2 x 10~"' M), whereas mAb F1 has an
almost fourfold lower affinity (Kp, at 1.2 x 107 M). The kinetics
were not a factor because both the on-rate of mAb C3 was
higher than mAb F1 and the off-rate of mAb C3 was lower.
Even for mAbs against the same overlapping epitopes, the af-
finity did not correlate with the potency of neutralizing bio-
activity of GM-CSF. For example, of the mAbs A2, ES, and E6
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that bound to the green epitope, mAb A2 had the lowest ICs of
59 ng/mL and the highest K4 of 9.2 x 10~ M, whereas the mAb
ES and E6 had dramatically higher ICsy of 2,650 and 2,550
ng/mL and had 17- and 7-fold higher affinities (Kp, of 5.7 x 107"°
and 1.4 x 107 M), respectively. Likewise, mAbs E3 and C5
bound to the same blue epitope; mAb E3 had a higher affinity
than mAb C5, but mAb C5 had a fourfold lower ICsy.

Discussion

The genetics and epitope specificity of the mAbs against GM-CSF
generated from six IPAP patients (Table S1) makes several hy-
potheses about their pathogenesis unlikely. That all 19 mAbs
generated were genetically unrelated and used multiple V genes in
each patient shows that there was not preferred V-gene use like
those seen in autoantibodies against TG2 (7). The fact that the
autoantibodies were polyclonal excludes a single forbidden clo-
notype of pathogenic autoantibodies in each patient. The fact that
there were at least three nonoverlapping conformational epitopes
of mAbs against GM-CSF in two patients and a total of four
nonoverlapping conformational epitopes in the six patients would
appear to exclude a cross-reactive B-cell epitope on a pathogen

affinities of the human anti-GM-CSF mAbs.

(“molecular mimicry”) (8) for the following reasons. Because the
area of a B-cell epitope on a protein is at least 600-935 A?, the
proper description of a B-cell epitope is through crystallography of
an antigen/antigen-binding site complex (28). The probability that
a pathogen antigen should have four nonoverlapping, conforma-
tional B-cell epitopes that are cross-reactive with GM-CSF is
small. If another unrelated antigen initiates the antibody response
and somatic mutations change the antigen-binding site so it binds
to an epitope on GM-CSF, it is unlikely that chance somatic
mutations would change the antigen-binding sites to bind four
nonoverlapping, conformational epitopes on GM-CSF. Two
crystallographic studies of affinity maturation of human anti-
bodies (29, 30) establish that the increase in affinity is due to
stabilization of the original antigen contacts and that the anti-
gen-binding site of the original antibody has the same general
conformation as the affinity-matured, high-affinity antibodies. If
subsequent affinity maturation is driven by GM-CSF, the epitope
on the mutated antibody should still overlap the original epitope
on GM-CSF.

Our tentative conclusion is that GM-CSF most likely drove
the original antibody response. There is no evidence for B-cell

A mAb ka x 10° kd x 10* KD x 10° IC50
(1/Ms) (1/s) (M) TF-1 (ng/mL)
Group 1 A2 6.0 55 92 59
c2 6.9 17 24 5300
E2 7.4 88 120 600
ES 2.9 1.7 5.7 2550
E6 6.3 8.7 14 2650
E7 8.0 140 179 110
Group 2 Bl 30.0 220 75 10000
c5 12.0 3.7 3.0 7.5
E3 12.0 2.2 1.8 30
Group 3 F1 8.3 1.0 1.2 0.8
Group 4 3 12.0 0.44 0.37 2.7 Fig. 5. Relationship between kinetics of binding
and potency at inhibiting the bioactivity of GM-CSF.
(A) Shown are the equilibrium dissociation constants
and rate constants for the rhGM-CSF and mAb
B w - o complexes and comparison with their 1Csq values
o from the TF-1 proliferation assay. (B) A graphical
100 ot . 100 e . representation of the data from A analyzing the
a . T ., . © e e o correlation between neutralization activity on the y
x " . . = .. ‘ = . W0 e axis vs. the K, (Left), ky (Center), and k, (Right) on
1 ° ° ' . ° . the y axis. A nonparametric Spearman correlation
° ° test was used to calculate the P values reported for
Yo w e w B T S Yon ©  m wwe sow  €ach comparison. k,, P =0.4131; kg, P = 0.0436; Kp,
IC50 IC50 1C50 (P=0.0315).
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tolerance or anergy for an antigen like GM-CSF that is not
detectable in the plasma (31); indeed, there is evidence to the
contrary (32, 33). There is evidence of B-cell anergy for soluble
antigens at serum concentration of >0.1 nM (34). Even in in-
flammatory conditions like rheumatoid arthritis, GM-CSF is
present in synovial fluid at <35 pM (31, 35). One group has
reported that the frequency of autoantibodies in normal subjects
reaches 100% if cytokine—autoantibody complexes are dissoci-
ated at low pH before autoantibodies are measured against IL-2,
granulocyte colony-stimulating factor (G-CSF), VEGF, TNF, IL-
8 (32), and GM-CSF (33). However, the latter report caused
some controversy, and Bazin et al. suggested that IgG, treated
with low pH, can bind artifactually to GM-CSF (36). The ques-
tion of the physiological production of autoantibodies against
GM-CSF could be answered by measuring the frequency of
memory B cells in healthy humans that produce autoantibodies
against GM-CSF.

The involvement of T follicular helper cells in the pathogenic
autoantibodies to GM-CSF is suggested by the high numbers of
mutations in the /IGHV genes of mAbs that we cloned from IPAP
patients. We speculate that a pathogen, with a T-cell epitope that
is cross-reactive with GM-CSF, will present pathogen-associated
molecular patterns (like endotoxin or viral RNA) to the den-
dritic cells and activate T cells, breaking T-cell tolerance. If the
pathogen stimulates the release of GM-CSF, the GM-CSF-
specific B cells will endocytose GM-CSF and will present the
cross-reactive T-cell epitope to T cells activated by the pathogen.
The T-cell epitope on the pathogen need not correspond to the
amino acid sequence of the T-cell epitope in GM-CSF, because
the T-cell receptor (TCR) is polyreactive, and multiple peptides
of different sequences on the MHC II can be recognized by the
same TCR (37). In the future, it will be important to investigate
the frequency of the T cells that are stimulated by GM-CSF in
IPAP. The importance of T-cell central tolerance as a mecha-
nism for preventing the development of autoantibodies against
cytokines is suggested by the autoimmune polyendocrine syn-
drome type I, in which subjects have a mutation in the gene for
the Autoimmune Regulator and make autoantibodies against
IL-17A, IL-17F, and IL-22 (38, 39).

A paper that was published recently characterized pathogenic
mAbs that cause pemphigus vulgaris (40). They reverted the so-
matic mutations from four mAbs against desmoglein-3 (DSG3)
and found that the unmutated antibodies did not bind to DSG3.
They concluded that autoantibodies against DSG3 were created
by somatic mutations generated in the response to an antlgen
unrelated to DSG3. However, an antibody with a K, of 3 x 107*
M could still activate B cells when expressed as a BCR in mice
(41). In another study, although somatic mutations were reverted
in three affinity-matured antibodies and the unmutated mAbs do
not bind to the antigen, when the unmutated mAbs were expressed
in a B-cell line as a BCR, they signaled when antigen was added
(42). Furthermore, the probability that antibodies that bind to one
unrelated antigen should have fortuitous somatic mutations that
bind to two or three nonoverlapping epitopes of a DSG3 is small.
The mechanism for pathogenic autoantibodies that cause pem-
phigus may be similar to the mechanism we propose for path-
ogenic autoantibodies in IPAP, namely that a pathogen that
activates T cells cross-reactive with peptides of DSG3 and that
humans exhibit no B-cell tolerance or anergy for DSG3 (43).

There is one report of four human mAbs against GM-CSF
obtained from peripheral blood B cells from normal subjects or
from patients with IPAP and with in vitro immunization of
peptides from human GM-CSF (44). However, this publication
does not provide information as to whether the four antibodies
against GM-CSF were derived from IPAP patients or normal
donors or include the results from in vitro immunization. Nor did
it provide data on the autoantibodies against GM-CSF about
V-gene use, somatic mutations, or epitopes.

All of the mAbs we examined neutralized the bioactivity of
GM-CSF, although they did not neutralize the bioactivity of IL-3
(Table S1 and Fig. S24). Each mAb when bound to GM-CSF

7836 | www.pnas.org/cgi/doi/10.1073/pnas.1216011110

could sterically interfere with the formation of the dodecamer
signaling complex (26) (Fig. 3). The relationship between affinity
and off-rate with the ICs, generally correlated, but the epitope
where the mAb bound to GM-CSF also mattered (Fig. 5). Be-
cause we used GM-CSF binding to select specific memory B
cells and the ELISA to screen, we would have not generated
very low-affinity antibodies. Because these were long-time patients
with IPAP, we expected to find high-affinity mAbs cloned from the
GM- CSF—spemﬁc memory B cells. For example, in donors C and
E, the afﬁnltles ranged, respectively, from a Kp of 24 X 10~°
3.7 % 107"" M and from a Kp of 1.2 x 1078 to 1.8 x 107 M. We
speculate that most of the high-affinity memory B cells were
retained in the lymphoid tissue and were not in the blood.

Those mAbs that potently neutralize the biological activity of
GM-CSF may be useful in treating inflammatory diseases (45)
like arthritis (46) and multiple sclerosis (47-49). Anti-GM-CSF
mAbs may treat juvenile myelomonocytic leukemias (50) and
epithelial cancers, which secrete GM-CSF that suppresses the
immune response against cancer (51, 52). These mAbs may also
be useful in treating pain (53, 54). The risk of causing IPAP with
these therapeutic anti-GM-CSF mAbs is low because very small
amounts of GM-CSF are necessary to mature alveolar macro-
phages, and IPAP is only caused by a critical threshold of auto-
antibodies against GM-CSF (33).

Materials and Methods

Generation of mAbs. Ethical clearance for samples from patients was obtained
from the ethics boards of the Universities of British Columbia, Melbourne, and
Toronto. Blood samples were collected from individuals treated for IPAP.
Individual memory B cells binding to GM-CSF were sorted into individual
wells (55) (Fig. S6). After 1 wk, wells were screened for the production of
GM-CSF-specific antibodies by ELISA. RNA was purified from positive clones,
and cDNA from clones was synthesized by using constant region primers fol-
lowed by PCR amplification with primers taken from the leader sequences of
human V genes (Table S3). The International ImMunoGeneTics Informa-
tion System (www.imgt.org) was used to determine Ig V gene use and
somatic mutations.

Proliferation Assay Using TF-1 Cells. mAbs were serially diluted, added to
GM-CSF at a concentration of 400 pg/mL, and preincubated at 37 °C for 1 h.
The mAb/GM-CSF mixtures were added to an equal volume of washed TF-1
cells, 1,000 cells per well, yielding a final concentration of 200 pg/mL GM-CSF.
KES5, which is a human mAb IgG1 molecule against human cytomegalovirus,
was used as a negative control (56). To control that the mAbs did not inhibit
TF-1 cells, the GM-CSF was replaced by a final concentration of 1% (vol/vol)
gibbon IL-3-conditioned medium. After incubation at 37 °C for 4 d, water-
soluble tetrazolium-1 reagent was added, and incubation was continued for
4 h. The absorbance values at wavelength 450 nm, with reference wave-
length of 690 nm values subtracted, were determined by using a plate reader.

Inhibition of CD11b Expression Level on Neutrophils Stimulated by GM-CSF.
Triplicate samples of heparinized human whole blood (100 uL) were in-
cubated with GM-CSF (10 ng/mL) with 2.34-300 ng/mL mAb. Cells were
stained with anti-human CD11b-PE Ab, and FACS was performed to evaluate
CD11b levels (Fig. S3).

SPR Analysis. The SPR experiments were performed at 25 °C on a Biacore 3000
(GE Healthcare) by using a carboxymethylated dextran 5 (CM5) sensor chip. An
anti-human 1gG (Fc) was immobilized similarly on the experimental and ref-
erence flow cells by using standard amine coupling. For affinity measure-
ments, recombinant human GM-CSF (rhGM-CSF) was injected over the mAb-
coated cell and reference cell at the following concentrations: 100, 50, 25, 12.5,
6.25, 3.12, 1.5, and 0.8 nM. The flow rate was 30 pL/min, and triplicate blank
injections and replicate injections of the 12.5 nM rhGM-CSF were included to
account for any drift and to ensure assay reproducibility. Data were fit to a 1:1
model with (for those with very fast on-rates) or without a mass transport
term by using the Biacore 3000 evaluation software.

Statistical Analysis. A nonparametric Spearman correlation test was used to assess
the correlation between mAb potency and affinity for GM-CSF using Statview.

Modeling the GM-CSF Ternary Complex. The ternary model shown in Fig. 3
is based partly on the crystal structure of the published ternary GM-CSF:
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receptor complex (Protein Data Bank ID code 3CXE). However, the GMR-a
extracellular region in this complex was incomplete, with only the extra-
cellular domain 3 (D3) of GMR-a well defined (26). Thus, extracellular
domains 1 [N-terminal domain (NTD)] and 2 (D2) of GMR-a« were modeled
based on a partially refined crystal structure of the GM-CSF:GMR-a binary
complex and the crystal structure of the homologous IL-5 receptor « subunit
(27). Our GM-CSF:GMR-a binary complex data suggest that the GMR-a NTD-
D2 linker is flexible and that the NTD may adopt a variety of orientations
with respect to D2 and D3.
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