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Background: A high-throughput cytotoxicity-based screen was developed to identify small-molecule inhibitors of NMO-IgG-
AQP4 binding.
Results: Pyrano[2,3-c]pyrazoles were identified as inhibitors andwere shown to bind directly to theNMOmonoclonal antibody
used for screening but did not interfere with other NMO-IgGs that bound to AQP4.
Conclusion: Pyrano[2,3-c]pyrazoles are idiotype-specific to the NMO recombinant monoclonal antibody used for screening.
Significance: Our results establish a proof of concept for an antibody-targeted small-molecule blocker strategy to prevent
specific antibody-antigen binding.

Neuromyelitis optica (NMO) is an inflammatory demyelinat-
ing disease of the central nervous system caused by binding of
anti-aquaporin-4 (AQP4) autoantibodies (NMO-IgG) to AQP4
on astrocytes. A screen was developed to identify inhibitors
of NMO-IgG-dependent, complement-dependent cytotoxicity.
Screening of 50,000 synthetic small molecules was done using
CHO cells expressing human AQP4 and a human NMO re-
combinant monoclonal antibody (rAb-53). The screen yielded
pyrano[2,3-c]pyrazoles that blocked rAb-53 binding to AQP4
and prevented cytotoxicity in cell culture and spinal cord slice
models ofNMO. Structure-activity analysis of 82 analogs yielded a
blockerwith IC50�6�M.Analysis of the blockermechanism indi-
cated idiotype specificity, as (i) pyrano[2,3-c]pyrazoles did not pre-
vent AQP4 binding or cytotoxicity of other NMO-IgGs, and (ii)
surface plasmon resonance showed specific rAb-53 binding. Anti-
body structuremodeling anddocking suggested aputative binding
site near the complementarity-determining regions. Small mole-
cules with idiotype-specific antibody targeting may be useful as
research tools and therapeutics.

Antibodies are widely used as tools in cell biology and as
therapeutics and are implicated in the pathogenesis of various
autoimmune diseases (1–3). The variable region of the Fab por-
tion of an antibody confers idiotype specificity. A typical
maneuver to reduce antibody-target interaction is the addition
of excess bystander target or target mimic to reduce the con-

centration of unbound antibody. Small molecules that bind to
antibodies with idiotype specificity could provide a potential
alternative approach to block antibody binding. Small-mole-
cule blockers could be useful as research tools in cell biology, as
controls for antibody specificity, and as therapeutics for auto-
immune diseases or tumors associated with clonally expanded
cell populations or for neutralization of excess administered
monoclonal antibodies.
We recently introduced candidate therapeutics for the

autoimmune disease neuromyelitis optica (NMO),2 in which
inflammatory demyelinating lesions of the central nervous sys-
temare caused by binding of serumautoantibodies (NMO-IgG)
to aquaporin-4 (AQP4) (4–6). AQP4 is a plasma membrane
water channel expressed on astrocytes (7), which, when tar-
geted by NMO-IgG, causes complement-dependent cytotoxic-
ity and inflammation, resulting in secondary damage to oligo-
dendrocytes and neurons (8–11). We developed a blocker
antibody (aquaporumab) approach in which a high-affinity
anti-AQP4 monoclonal antibody was mutated to prevent its
cytotoxicity effector functions (12). In an alternative approach,
a small-molecule screen based onNMO-IgG binding to AQP4-
expressing cells yielded blockers that targeted the extracellular
surface of AQP4 and reduced NMO-IgG binding (13).
To identify more potent small-molecule blockers for NMO

therapy, here we implemented a cytotoxicity-based screen of
NMO-IgG binding to AQP4. Interestingly, the screen yielded
several idiotype-specific small-molecule blockers, one of which
was further characterized.

EXPERIMENTAL PROCEDURES

Cell Lines and Antibodies—CHO cells expressing human
M23-AQP4 were generated by stable transfection as described
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(14). CHO cells were cultured in Ham’s F-12 nutrient mixture
supplemented with 10% fetal bovine serum, 100 units/ml pen-
icillin, and 100�g/ml streptomycin. Geneticin (200�g/ml) was
used as a selection marker. Cells were grown at 37 °C in 5%
CO2 and 95% air. NMO recombinant monoclonal antibodies
(NMO-rAbs) were generated from clonally expanded plasmab-
lasts from cerebrospinal fluid of NMO patients and purified as
described (15). A non-NMO-rAb (rAb-2B4) against measles
virus nucleocapsid protein was used as a control isotype-
matched antibody. NMO serumwas obtained fromNMO-IgG-
seropositive individuals whomet the revised diagnostic criteria
for clinical disease (16). Non-NMO serum was used as a con-
trol. For some studies, IgG was purified from NMO or control
serum and concentrated using a Melon gel IgG purification kit
(Thermo Fisher Scientific, Rockford, IL) and Amicon Ultra
centrifugal filter units (Millipore, Billerica, MA).
High-throughput Screening—Screening of 50,000 synthetic

small molecules was performed (ChemDiv, San Diego, CA).
Screening was carried out using an integrated apparatus (Beck-
man Coulter, Fullerton, CA) consisting of a CO2 incubator,
plate washer, Biomek FX liquid handling station, and plate
readers. M23-AQP4-expressing CHO cells were plated onto
96-well Costar microplates (Corning, Corning, NY) at 15,000
cells/well and grown at 37 °C and 5% CO2 for 18–24 h. Eighty
wells contained test compounds, and the first and last columns
of each plate were used for negative (no test compound) and
positive (human complement only) controls. For screening,
cells were washed with Hanks’ balanced salt solution (HBSS;
without phenol red), leaving 45 �l of HBSS. Test compounds
were added (0.5 �l of 2.5 mMMe2SO solution) to each well at a
final concentration of 25 �M and incubated for 10 min at room
temperature. A premixed solution (5 �l) of NMO-IgG (rAb-53,
30 �g/ml) and 20% pooled normal human complement serum
(Innovative Research, Novi, MI) was added to each well to give
a final volume of 50 �l. After 1 h of incubation at room temper-
ature, lactate dehydrogenase (LDH) release was measured by
addition of 50 �l of CytoTox-ONE homogeneous membrane
integrity assay solution (Promega, Madison, WI) according to
the manufacturer’s protocol. LDH concentration was assayed
from resorufin fluorescence (excitation/emission at 560/590
nm). Percentage cytotoxicity was computed as ((compound �
negative control)/(positive control � negative control)) � 100.
For live/dead cell staining, cells were washed with HBSS and
then incubated with 1 �M calcein-AM (live cells, green fluores-
cence) and 2 �M ethidium homodimer-1 (dead cells, red fluo-
rescence) (Invitrogen) in PBS for 15 min prior to imaging.
NMO-IgG Binding—M23-AQP4-expressing CHO cells were

plated onto 96-well microplates and grown for 18–24 h to con-
fluence. Cells were washed twice with PBS and blocked with 1%
BSA in PBS for 30 min. After removal of the blocking solution,
test compounds in PBS (90 �l, 1% Me2SO) were added and
incubated for 30 min at room temperature. A premixed solu-
tion (10 �l) of NMO-rAb (10 �g/ml) and HRP-labeled goat
anti-human IgG secondary antibody (1:50 dilution; Invitrogen)
was then added. Following 1 h of incubation at room tempera-
ture, cells were washed three times with PBS containing 0.05%
Tween 20, and HRP activity was assayed by addition of 50 �l of
Amplex Red substrate (100 �M; Sigma) and 2 mM H2O2 as

described (12). Fluorescence was measured after 10 min (exci-
tation/emission at 540/590 nm).
Immunostaining—Cells were grown on glass coverslips for

24 h. Cells were thenwashedwith PBS and incubated for 30min
in live cell blocking buffer (PBS containing 6 mM glucose, 1 mM

sodiumpyruvate, and 1%BSA). Cells were incubatedwith com-
pound or control (Me2SO) for 30 min and then for 60 min with
NMO-rAb at a final concentration of 1 �g/ml in blocking
buffer. Cells were rinsed in PBS, fixed in 4% paraformaldehyde
for 15 min, and permeabilized with 0.1% Triton X-100. Cells
were incubated for 60 min with 0.4 �g/ml C terminus-specific
rabbit anti-AQP4 polyclonal antibody (H-80; Santa Cruz Bio-
technology, Santa Cruz, CA) and then for 30 min with 4 �g/ml
Alexa Fluor 488-conjugated goat anti-human IgG and 4 �g/ml
Alexa Fluor 555-conjugated goat anti-rabbit IgG (Invitrogen) in
blocking buffer as described (17). Red and green fluorescence
was imaged on a Nikon Eclipse TE2000S inverted epifluores-
cence microscope.
Surface Plasmon Resonance—Surface plasmon resonance

(SPR) measurements were done on a Biacore T100 instrument
(GE Healthcare). NMO-rAbs and control antibody (rAb-2B4)
were diluted with 10 mM sodium acetate buffer (pH 5.5) to 20
�g/ml and immobilized onto the surface of a carboxymeth-
ylate-functionalized CM5 sensor chip (GE Healthcare) using
standard carbodiimide coupling. Unreacted surface was blocked
by injecting 1MethanolamineHCl.The reference control flowcell
was coupled with 1 M ethanolamine HCl only. Binding was meas-
ured at 25 °C using pH 7.4 HEPES-buffered saline containing 5%
Me2SO as running buffer at a flow rate of 30 �l/min. Small mole-
cules in identical buffer were injected for 25 s over a sensor chip at
the same flow rate. Sensorgrams were corrected by subtraction of
responses of the unloaded reference flow cell. Equilibrium con-
stants for smallmolecule-antibodybindingweredeterminedusing
a 1:1 Langmuir binding affinity model.
Ex Vivo Spinal Cord Slice Model of NMO—Wild-type and

AQP4-null mice on a CD1 genetic background were used as
generated and characterized previously (18). Transverse slices
of cervical spinal cordwith a thickness of 300�mwere cut from
postnatal day 7 pups using a vibratome and placed in ice-cold
HBSS (pH 7.2) as described (19). Slices were placed on trans-
parentmembrane inserts (Millicell-CM (0.4-�mpores, 30-mm
diameter), Millipore) in 6-well plates containing 1ml of culture
medium, with a thin film of culturemedium covering the slices.
Slices were cultured in 5% CO2 at 37 °C for 7 days in 50% min-
imum Eagle’s medium, 25% HBSS, 25% horse serum, 1% peni-
cillin/streptomycin, 0.65% glucose, and 25 mM HEPES. On day
7, slices were incubated with blocker for 1 h, and then rAb-53
(10 �g/ml) and human complement (5%) were added to the
culturemedium on both sides of the slices. Slices were cultured
for an additional 24 h and immunostained for AQP4 and glial
fibrillary acidic protein (GFAP). Sections were scored as fol-
lows: 0, intact slice with normal GFAP and AQP4 staining; 1,
mild astrocyte swelling and/or reduced AQP4 staining; 2, at
least one lesion with loss of GFAP and AQP4 staining; 3, mul-
tiple lesions affecting �30% of the slice area; and 4, lesions
affecting �80% of the slice area.
Antibody Structure Modeling and Molecular Docking—The

Web-based antibodyhomologymodeling tool PIGS (prediction
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of immunoglobulin structure) was used to create a structural
model for the rAb-53 antigen-binding domain (20). Truncated
sequences of the rAb-53 light chain (residues 1–117) and heavy
chain (residues 118–249) were identified based on alignment
with conserved Fab sequences. Complementarity-determining
regions (CDRs) are indicated (underlined) in the truncated light
chain sequence (EIVLTQSPGTLSLSPGERATLSCRASQTVR-
TNYLAWFQQKPGQAPRLLIFGASSRATGIPDRFSGSGSG-
TDFTLTISRLEPEDFAVYYCQQYGSSPWTFGQGTKVEIKRT;
CDR-L1,CDR-L2, andCDR-L3) andheavy chain sequence (QVQL-
QESGAGLVKPSETLSLTCTVSGGSISGHYWNWIRQPPGKGLE-
WIGYIHYSGSTNYNPSLKSRVTISVDTSKNQFSLKLSSVTAAD-
TAVYYCARAEGRGWSAFYYYYMEVWGKGSTVSVS; CDR-H1,
CDR-H2, and CDR-H3). PIGS identified a template based on a
structure of a Fab fragment of human IgM cold agglutinin (Pro-
tein Data Bank code 1DN0) with 90.1% sequence homology to
the rAb-53 light chain and 72.6% homology to the heavy chain.
Side chain conformationsweremodeled using SCWRL3.0 (21).
The rAb-53 structure was prepared for docking using the
FRED_RECEPTOR utility (OpenEye Scientific Software). Ini-
tial docking computations were done using the rAb-53 Fab
structure to identify potential small molecule-binding sites on
the antibody surface. The ligand structures for A-01 and A-72
(two enantiomers for each) were prepared using a protocol in
SciTegic Pipeline Pilot (Accelrys) to generate the proper ioni-
zation state at pH 7.4, and the molecules were then converted
into energy-minimized three-dimensional structures. The
ligand structures were passed through OMEGA v2.4.6 (Open-
Eye Scientific Software) to generate conformational libraries,
which were subsequently assignedMMFF partial charges using
MOLCHARGE v1.5.0 (OpenEye Scientific Software). The
ligand structures were docked into the rAb-53 receptor model
using FRED v.2.2.5 (OpenEye Scientific Software), free of phar-

macophore restraint, and configured to employ consensus
docking with its full suite of seven scoring functions. Partial
charges were assigned to the rAb-53 receptor using the MMFF
model with FRED prior to ligand docking. The final protein-
ligand complexes were visualized using PyMOL (Schrödinger
LLC, San Diego, CA).

RESULTS

Small-molecule Screen—A high-throughput screen was
implemented to identify small-molecule inhibitors of comple-
ment-dependent cytotoxicity caused by a human NMOmono-
clonal autoantibody, rAb-53, which was characterized previ-
ously (12, 17). Binding of complement protein C1q to rAb-53
initiates the classical complement activation pathway (Fig. 1A).
Cytotoxicity was measured by LDH release in CHO cells stably
expressing the M23 isoform of human AQP4. As diagrammed
in Fig. 1A, the screen involved addition of rAb-53 and human
complement in the presence of test compound, a 60-min incu-
bation, and enzymatic assay of LDH release. Maximum LDH
release (100% cytotoxicity) was determined by treatment of
cells with 0.1% Triton X-100. Fig. 1B shows LDH release as a
function of rAb-53 concentration at fixed 2% complement. A
rAb-53 concentration of 3 �g/ml (dashed vertical line) was
used for screening. The screen was robust, with a statistical
Z�-factor generally �0.6.
Screening of 50,000 smallmolecules gave 33 compounds that

inhibited LDH release by �50% at 25 �M. Secondary screening
indicatedmany of the active compounds to be false positives, as
they inhibited components of the LDH enzymatic assay. The
chemical structures of three verified classes of compoundswith
the greatest potency are shown in Fig. 1C. Further analysis of
the pyrano[2,3-c]pyrazole class of compounds (Class A) was

FIGURE 1. High-throughput screen for identification of inhibitors of NMO-rAb/complement-mediated cytotoxicity. A, left, schematic of the screening
assay, which measures LDH release from M23-AQP4-expressing CHO cells treated with NMO recombinant monoclonal antibody rAb-53 and 2% complement.
Right, flow diagram of the screening assay. B, dependence of complement-dependent cytotoxicity on rAb-53 concentration in CHO cells in the presence of 2%
complement (S.E., n � 4). The dashed vertical line indicates rAb-53 concentration used for screening. C, chemical structures of three classes of inhibitors
identified from screening. MAC, membrane attack complex.
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performed because of its interesting, idiotype-specific blocking
mechanism (see below).
Structure-Activity Analysis of Pyrano[2,3-c]pyrazoles—Fig.

2A shows a live/dead cytotoxicity assay in which AQP4-ex-
pressing CHO cells were exposed to rAb-53 and 2% human
complement in the presence of the indicated concentrations of
A-01 and then stained to reveal live cells as green and dead cells
as red. Compound A-01 reduced cytotoxicity in a concentra-
tion-dependent manner. Eighty-two commercially available
pyrano[2,3-c]pyrazoles were tested. Fig. 2B shows the concen-
tration dependence of LDH release for the most potent inhibi-
tor, A-01, and for two other active analogs. Six compounds
showed activity with IC50 values from 6.6 to 32 �M (Table 1).
Fig. 2C summarizes the structural determinants of activity,
which revealed that pyrano[2,3-c]pyrazoles bearing a single
ring at the R2 position were inactive. Active analogs contained
two rings, with compounds having 1,3-linkage between the
rings being more potent than those with 1,2-linkage (e.g. A-01
versus A-48). For the R1 substituent, small linear alkyl groups
and substituted phenyls were tolerated, although a bulky alkyl
group reduced activity (e.g. A-01 versus A-14).
Pyrano[2,3-c]pyrazole A-01 Reduces NMO Pathology in the

Spinal Cord Slice Culture Model—A clinically important con-
sequence of NMO-IgG-dependent cytotoxicity in the central
nervous system is the development of lesions with loss of AQP4
and GFAP immunoreactivity, as well as inflammation and
demyelination. We previously developed an ex vivo model of
NMO that recapitulates the major in vivo findings of NMO
(19). As diagrammed in Fig. 3A, 300-�m-thick spinal cord slices
were cultured for 7 days; incubated for 24 h with NMO-IgG,
complement, and/or blocker; and then immunostained for
AQP4 and GFAP as markers of NMO pathology. Fig. 3B shows
a marked loss of AQP4 and GFAP immunoreactivity in spinal
cord slices incubated for 24 h with 10 �g/ml rAb-53 and 5%
complement. Fig. 3C summarizes lesion scores (0, no pathol-
ogy; and 4, extensive pathology). Inclusion of A-01 during the

FIGURE 2. Small-molecule blocker inhibits rAb-53- and complement-dependent cytotoxicity. A, fluorescence micrographs showing live/dead (green/red)
staining of AQP4-expressing CHO cells after 1 h of incubation at room temperature with 3 �g/ml rAb-53 and 2% complement in the presence of the indicated
concentrations of inhibitor A-01. B, concentration dependence of LDH release as a function of inhibitor concentration after 1 h of incubation at room
temperature with 3 �g/ml rAb-53 and 2% complement. C, structural determinants of inhibitor activity.

TABLE 1
Inhibition activity of pyrano[2,3-c]pyrazoles
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24-h incubation with rAb-53 and complement significantly
reduced lesion severity in a concentration-dependent manner.
In control studies, rAb-53 or complement alone did not pro-
duce pathology, nor did A-01 alone.
Idiotype Specificity of Pyrano[2,3-c]pyrazoles—To determine

whether the pyrano[2,3-c]pyrazoles target rAb-53 or AQP4,
binding and cytotoxicity were measured with other NMOmono-
clonal antibodies and with NMO polyclonal antibodies in NMO
patient sera. Fig. 4A shows a binding assay in which AQP4-ex-
pressing cells were incubated with NMO-rAb and then a red flu-
orescent anti-human secondary antibody; AQP4 was immuno-
stained green.Whereas rAb-53 binding was reduced by A-01, the
binding of a different NMO recombinant antibody, rAb-58 (as
characterized previously (17)), was not affected. Fig. 4B summa-
rizes the A-01 concentration dependence data for rAb-53 and
rAb-58 binding to AQP4 using an HRP-based Amplex Red fluo-
rescence assay. Binding of rAb-53 to AQP4 was reduced by up to
75%, whereas binding of rAb-58 was not affected.
Fig. 4C summarizes the complement-dependent cytotoxicity

for several NMO monoclonal antibodies and human NMO
sera. Although A-01 greatly reduced cytotoxicity produced by
rAb-53, it did not protect for the other monoclonal antibodies
or for NMO patient sera, including the serum of the patient
(serum 4) fromwhich rAb-53was isolated. The lack of cytopro-
tection for serum 4 indicates that rAb-53 is aminor component
of total NMO-IgG.
SPR Shows Specific rAb-53 Binding—The rAb idiotype spec-

ificity data above suggest that A-01 targets rAb-53 rather than
AQP4. SPRwas done to investigateA-01 binding to rAb-53. For
SPRmeasurements, rAb-53, rAb-58, and control antibody rAb-

2B4 were covalently immobilized by standard primary amine
coupling to the carboxymethylated dextran matrix of a CM5
sensor chip. Fig. 5A shows binding curves forA-01with rAb-53,
rAb-58, and rAb-2B4. A-01 produced a concentration-depen-
dent increase in the SPR signal for rAb-53, showing character-
istic fast binding and dissociation for small molecule-protein
interactions. A-01 showed no binding to rAb-58 or rAb-2B4.
Used as another control, an inactive pyrano[2,3-c]pyrazole ana-
log, A-72, showed no binding interaction with rAb-53 (Fig. 5B).
The dissociation constant (Kd) for A-01 binding to rAb-53 was
estimated as 51 � 20 �M (Fig. 5C).
Computational Analysis of the Pyrano[2,3-c]pyrazole-bind-

ing Site on rAb-53—Fig. 6A shows the relatively large size of
rAb-53 compared with AQP4, which is assembled in mem-
branes as tetramers that form higher order aggregates. Anti-
body modeling and molecular docking computations, as
described under “Experimental Procedures,” indicated a puta-
tive binding site for A-01 in the vicinity of the highly variable
CDR-H3 and CDR-L2 regions. Docking was also done for the
inactive analog A-72 (see Fig. 5B). Because A-01 and A-72 each
possess a single chiral center, both enantiomers of A-01 and
A-72 were examined individually. Both enantiomers of A-01
showed significantly improved docking scores compared with
A-72 using consensus scoring across seven independent scor-
ing functions implemented in the docking software (consensus
scores of 6–7 versus 14–15 for A-01 and A-72, respectively).
Close examination of the docking pose of A-01 (R-enantiomer)
shows that both the lipophilic propyl and para-methylphenyl
groups make significant complementary hydrophobic contacts
with the rAb-53 rAb surface (Fig. 6B).

FIGURE 3. Inhibitor A-01 reduces pathology in an ex vivo spinal cord slice model of NMO. A, schematic of the spinal cord slice model of NMO. Mouse spinal
cord slices were cultured for 7 days, followed by 24 h in the presence of antibody rAb-53 (10 �g/ml) and/or human complement (HC; 5%) without or with A-01
(10 and 25 �M). B, immunofluorescence of AQP4 (red) and GFAP (green). C, NMO lesion scores (S.E., n � 4 – 6). *, p � 0.01.
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DISCUSSION

A cytotoxicity-based small-molecule screen yielded blockers
of the binding of a human NMO monoclonal autoantibody to
its cell surface target, AQP4. We previously reported small-
molecule and antibody blockers of NMO-IgG binding to AQP4

that targeted the extracellular surface of AQP4 and blocked the
binding of polyclonal NMO-IgG to AQP4 and downstream
cytotoxicity (12, 13). Here, we identified a class of small mole-
cules that exclusively blocked AQP4 binding of the NMO
monoclonal antibody used for screening. The compounds did
not interfere with AQP4 binding of other monoclonal or poly-
clonal (from NMO patient sera) NMO-IgG and were found to
bind directly to the monoclonal antibody used for screening.
We conclude that the pyrano[2,3-c]pyrazoles identified here
are idiotype-specific for rAb-53, demonstrating for the first
time, to our knowledge, the development of idiotype-specific
small-molecule blockers.
The NMO monoclonal antibody used here, rAb-53, is a

recombinant monoclonal antibody of IgG1 isotype that was
generated from sequence analysis of a clonally expanded plas-
mablast population in the cerebrospinal fluid of an NMO
patient (15). The rAb contains an antigen-binding site com-
posed of a VH4–59 heavy chain and a VK3 light chain. Fluores-
cence cell binding assays gave a dissociation constant of 44 nM
for binding of rAb-53 to AQP4 (17). Slow dissociation of
rAb-53 from AQP4 over many hours was found in unbinding
assays in live cells and SPR measurements in AQP4-reconsti-
tuted proteoliposomes (13). The Fc portion of rAb-53 has been
mutated to generate aquaporumab blocking antibodies that
lack effector functions (13). The target of rAb-53 binding,
AQP4, functions as a water-selective channel in astrocytes,

FIGURE 4. Idiotype specificity for A-01 inhibition of rAb-53 binding to AQP4 and complement-dependent cytotoxicity. A, binding of NMO monoclonal
antibodies rAb-53 and rAb-58 (red), shown with AQP4 immunofluorescence (green) in M23-AQP4-expressing CHO cells. Cells were incubated with the indicated
concentrations of A-01 for 30 min before addition of NMO antibody (1 �g/ml) and anti-AQP4 antibody (0.4 �g/ml). B, upper, schematic of HRP fluorescence
assay. Lower, A-01 concentration-dependent inhibition of binding of rAb-53 and rAb-58 (1 �g/ml each) to AQP4 (S.E., n � 4). C, complement-dependent
cytotoxicity measured for the indicated NMO-rAbs (left), NMO patient sera (center), and the serum of the patient in which rAb-53 was identified (right; tested at
three dilutions) (S.E., n � 4). *, p � 0.001.

FIGURE 5. A-01 binding to rAb-53 measured by SPR. A, sensorgram show-
ing concentration-dependent binding of A-01 to rAb-53 (left) but not to
rAb-58 (center) or rAb-2B4 (right). Antibodies were ligated onto a CM5 sensor
chip using standard primary amine coupling chemistry. A-01 was injected for
25 s over the antibodies at a flow rate of 30 �l/min. B, control study showing
that the inactive analog A-72 did not bind to rAb-53. C, binding affinity of A-01
for rAb-53 (Kd � 51 � 20 �M).
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where it is involved in a variety of biological functions, includ-
ing brain water balance, neuroexcitation, astrocyte migration,
glial scarring, and neuroinflammation (22). AQP4 monomers
of�30 kDa assemble at the cell plasmamembrane as tetramers
that form supramolecular aggregates called orthogonal arrays
of particles (23, 24). The affinity of rAb-53 binding to AQP4
arrays is�5-fold higher than that to individual AQP4 tetramers
(17). NMO patient serum consists of a polyclonal mixture of
autoantibodies that bind to various three-dimensional epitopes
on the AQP4 extracellular surface. The inability of A-01 to pre-
vent binding of serum NMO-IgG of the patient from which
rAb-53 was isolated indicates that rAb-53 is, at most, a minor
component in that patient serum.
Pyrano[2,3-c]pyrazoles, as identified here, are reported to

have a broad range of biological activities. A pyrano[2,3-c]pyra-
zole was found to bind to Bcl-2 protein and induce apoptosis in
human acute myeloid leukemia cells with EC50 �18 �M (25).
Virtual screening against the ATP-binding site of Chk1 kinase
identified a pyrano[2,3-c]pyrazole as an inhibitorwith IC50�20
�M (26). Certain pyrano[2,3-c]pyrazoles were reported to
exhibit molluscicidal activity toward Biomphalaria alexan-
drina snails at low nanomolar concentration (27). Another
study reported anti-inflammatory effects of pyrano[2,3-c]pyra-
zoles in carrageenan-challenged rats in which high (�500
mg/kg) oral doses were tolerated without apparent toxicity
(28). As pyrano[2,3-c]pyrazoles contain one chiral center, a
pure enantiomer of A-01 is likely to have greater inhibition
potency compared with the racemicmixture studied here. Syn-
thetically, racemic pyrano[2,3-c]pyrazoles are prepared via a
four-component, one-pot reaction (29). Themolecular docking
studies here showed a putative binding site for pyrano[2,3-
c]pyrazoles on rAb-53 near the highly variable CDR-L2 and
CDR-H3 regions. Preparation of a computationally designed
focused library of analogs might produce compounds with
nanomolar potency.
Idiotype-specific smallmolecules have potential applications

as research tools and as therapeutics. Small-molecule blockers
of antibody-target interactions could be used to modulate or
terminate the action of an administered monoclonal antibody
therapeutic. For example, natalizumab is a humanized IgG4
recombinantmonoclonal antibody that binds the �4 subunit of
the �4�1 integrin and is highly effective for the treatment of
relapsing forms of multiple sclerosis. However, natalizumab

therapy is complicated by the risk of a potentially lethal infec-
tion with the human polyoma JC virus, progressive multifocal
leukoencephalopathy (30). Although progressive multifocal
leukoencephalopathy is untreatable, an important initial step in
management of natalizumab induction of this infection is
rapid depletion of circulating antibody with plasma exchange
(31). Early treatment with an idiotype-specific small-molecule
blocker of natalizumab could displace bound antibody, restore
T cell migration, and expedite immune reconstitution.
As another example, IgM, IgG, or IgA monoclonal gam-

mopathiesmay be found in B cell lymphoproliferative disorders
(Waldenström macroglobulinemia, B cell lymphoma, multiple
myeloma) or in normal individuals (monoclonal gammopathy
of undetermined significance). Some individuals with mono-
clonal gammopathies have neuropathic syndromes driven by
antibody binding to protein or ganglioside components of
peripheral nerve myelin (32). In these disorders, treatment of
the underlying malignancy may be augmented by anti-idiotype
therapy to remove pathogenic antibody from its peripheral
nerve target. Similarly, in rare paraneoplastic disorders such as
NMDA encephalitis (33), idiotype-selective small-molecule
therapy may dissociate pathogenic antibody from its CNS tar-
get and reduce seizure activity.
In conclusion, a cytotoxicity-based small-molecule screen

identified pyrano[2,3-c]pyrazoles as idiotype-specific inhibi-
tors of binding of a human NMO monoclonal antibody to the
astrocyte water channel AQP4. Idiotype-specific small mole-
cules have potential as therapeutics for diseases that are caused by
binding of pathogenic monoclonal antibodies to their target anti-
gen, such as natalizumab-induced multifocal leukoencephalopa-
thy and certain monoclonal gammopathies and paraneoplastic
disorders. The identification of idiotype-specific pyrano[2,3-
c]pyrazoles provides proof of concept for an antibody-targeted
small-molecule blocker strategy to prevent specific antibody-anti-
gen binding.
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