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We report a chimeric monoclonal antibody (mAb) directed to a neo-epitope that is exposed in the IgG lower hinge
following proteolytic cleavage. The mAb, designated 2095–2, displays specificity for IdeS-generated F(ab’)2 fragments,
but not for full-length IgG or for closely-related F(ab’)2 fragments generated with other proteases. A critical component
of the specificity is provided by the C-terminal amino acid of the epitope corresponding to gly-236 in the IgG1 (also
IgG4) hinge. By its ability to bind to IdeS-cleaved anti-CD20 mAb, mAb 2095–2 fully restored antibody-dependent cell-
mediated cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC) against WIL2-S cells to the otherwise
inactive anti-CD20 IgG1 F(ab’)2 fragment. Similarly, 2095–2 reinstated ADCC against MDA-MB-231 cells to an anti-CD142
IgG1 F(ab’)2 fragment. mAb 2095–2 was also capable of eliciting both CDC and ADCC to IgG4 F(ab’)2 fragments, an IgG
subclass that has weaker ADCC and CDC when intact relative to intact IgG1. The in vitro cell-based efficacy of 2095–2
was extended to the in vivo setting using platelets as a cell clearance surrogate. In a canine model, the co-
administration of 2095–2 together with IdeS-generated, platelet-targeting anti-CD41/61 F(ab’)2 fragment not only
restored platelet clearance, but did so at a rate and extent of clearance that exceeded that of intact anti-CD41/61 IgG at
comparable concentrations. To further explore this unexpected amplification effect, we conducted a rat study in which
2095–2 was administered at a series of doses in combination with a fixed dose of anti-CD41/61 F(ab’)2 fragments.
Again, the combination, at ratios as low as 1:10 (w/w) 2095–2 to F(ab’)2, proved more effective than the anti-CD41/61
IgG1 alone. These findings suggest a novel mechanism for enhancing antibody-mediated cell-killing effector functions
with potential applications in pathologic settings such as tumors and acute infections where protease activity is
abundant.

Introduction

Proteolytically cleaved IgGs present cryptic epitopes for auto-
immune recognition.1 Accordingly, a majority of healthy indi-
viduals possess autoantibodies that bind to specific sites of
cleavage in the IgG hinge region.2 This class of autoantibody
targets the C-terminal ends of Fab and F(ab0)2 fragments, as
well as certain intermediates, that derive from human and bacte-
rial enzymes.2 Proteases associated with cancer, inflammation,
and infectious diseases are represented in the group.3,4 These
autoantibodies also bind to single-chain peptide analogs of the
IgG1 hinge possessing defined C-termini that correspond to
sites generated in IgG by protease action.2,5 Comparable

autoimmune profiles were not detected against the hinge region
of intact IgG2 or to cleavage site analog peptides with the
opposing free N-termini.6

The hinge of IgG is the flexible domain that connects the
two antigen binding Fab components to the Fc domain. The Fc
provides structure to recruit and bridge immune cells and com-
plement to achieve the eradication of pathologic cells.7,8 As
expected, the effector functions of IgGs are largely negated if
the Fc region is fully removed by proteolytic action –a circum-
stance requiring the scission of both hinge heavy chains.2 A sur-
prising finding was that a comparable loss-of-function ensued
from a single proteolytic scission in only one of the hinge
chains.9,10 In some circumstances, it appeared that a single
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proteolytic cleavage of IgG may be the predominant product
when cleavage occurs on cell surfaces.9 In an extension of these
findings, it was shown that a single proteolytic cleavage of tras-
tuzumab, a clinically-indicated monoclonal antibody (mAb)
therapeutic for cancer, resulted in reduced immune effector
function and in vivo efficacy.10

A function for serum autoantibodies that target sites of pro-
teolytic cleavage in IgG was suggested by the demonstration
that their binding to cleaved IgGs could restore in vitro cell kill-
ing activity to inactive mAb fragments.2 A related in vivo exam-
ple of the phenomenon was provided by a primate model in
which circulating platelet numbers decreased when a platelet-
directed monoclonal F(ab0)2 fragment encountered high titers of
autoantibodies directed against the lower hinge pepsin cleavage
site.11 The anti-hinge autoantibodies in both of the above cases
were polyclonal, serum-derived immunoglobulins. It has been
proposed that anti-hinge autoantibodies may thereby provide
host immunity with a defense pathway to combat the local inac-
tivation of IgGs in the proteolytic environments that can sur-
round pathogenic cells.1,3 Human anti-hinge (HAH)
autoantibodies have also been detected in patients with chronic
inflammatory disorders such as rheumatoid arthritis and inflam-
matory bowel disease,12 where patients also have elevated levels
of proteases capable of cleaving IgGs (e.g., MMP-3, human
neutrophil elastase).13 In the case of rheumatoid arthritis, it has
been suggested that rather than aiding host immune responses
against invasive cells, HAH can instead augment the pathology
associated with cleaved self-reactive antibodies.14 These recent
observations add to previous literature on the presence of
human anti-hinge antibodies in pathologies as diverse as cold
agglutination,15 HIV,16 systemic lupus erythematous,17 and
cancer,18 as well as suggestions for immunoregulatory func-
tions.19 Nevertheless, the functional roles of serum anti-hinge
antibodies remain obscure, due, in part, to their polydispersity
and polyclonal nature.1

The preceding evidence for a connection between the proteo-
lytic cleavage of IgGs and anti-hinge autoantibodies led us to
investigate the potential utility of a monoclonal anti-hinge anti-
body. For the present study a mAb, designated 2095–2 in its
chimerized version, was generated against the site at which the
bacterial IdeS protease (S. pyogenes) specifically cleaves the
human IgG1 hinge between gly-236 and gly-237.20,21 mAb
2095-2 possessed no demonstrable binding activity against
intact IgG1. This mAb was characterized with regard to its abil-
ity to restore function to IdeS-cleaved IgGs in a panel of in vitro
cell-killing assays. For in vivo purposes, a platelet clearance
model was configured in both canines and rats to establish the
extent and timing of functional restoration to an IdeS-cleaved
fragment of an anti-platelet mAb that targets CD41/61. These
models provided evidence for subtle dose response inter-rela-
tionships between cleaved IgG and 2095–2. By comparison to
the intact anti-platelet mAb administered alone, the addition of
the anti-hinge mAb to the inactive fragment revealed instances
of unexpected functional amplification for the combination
approach.

Results

An anti-hinge mAb directed against the IdeS cleavage site
displays specificity for IdeS-generated F(ab’)2 fragments, but
not for full-length IgG or F(ab’)2 fragments generated with
MMP-3 or GluV8

We had previously shown that HAH autoantibodies can be
detected in the serum of normal humans.2,5 These polyclonal
HAH autoantibodies displayed specificity for cleaved IgGs, but
were not cross-reactive with the intact IgG counterpart.2 We had
further demonstrated that HAH autoantibodies could restore
antibody-dependent cell-mediated cytotoxicity (ADCC) and
complement-dependent cytotoxicity (CDC) function to cell-
bound F(ab’)2 fragments.2 To generate a monoclonal anti-hinge
antibody, we immunized rabbits with a peptide analog of the
human IgG1 hinge region with a C-terminal amino acid corre-
sponding to the IdeS cleavage site (i.e., G236 in Kabat number-
ing aligned to the EU sequence22). As shown in Figure 1A, the
rabbit anti-hinge mAb 91–2 detected an IdeS-generated F(ab’)2
fragment, but not the intact IgG1 counterpart or MMP-3 or
GluV8-generated F(ab’)2 fragments. To demonstrate that mAb
91–2 was capable of restoring immune effector function to IdeS
cleaved F(ab’)2 fragments, we performed an anti-hinge rescue
CDC assay using anti-CD20 rituximab against WIL2-S target
cells. As shown in Figure 1B, the rabbit anti-hinge mAb restored
CDC function to an IdeS-generated F(ab’)2 fragment of rituxi-
mab. The rabbit mAb 91–2 was then engineered to have a
human IgG1 constant region, and this mAb was designated
2095–2. As shown in Figure 1C, 2095–2 demonstrated specific-
ity for an IdeS-generated F(ab’)2 fragment, but not for intact
IgG1 or F(ab’)2 fragments generated with MMP-3 or GluV8.
These results indicate that we have generated a variable region
specific for the IdeS cleavage site in human IgG1, and that chi-
merization does not affect the binding specificity.

2095–2 restores ADCC and CDC only to F(ab’)2 fragments
generated with IdeS

We next wanted to assess the specificity of 2095–2 in the con-
text of cell-surface bound F(ab’)2 fragments generated with IdeS,
GluV8, or MMP-3. Figure 2A demonstrates that F(ab’)2 frag-
ments of rituximab generated with the 3 aforementioned pro-
teases all bound to the WIL2-S target cells at nearly identical
levels. However, when 2095–2 was applied to the WIL2-S cells
opsonized with the 3 different F(ab’)2 fragments, 2095–2 was
only detected on cells opsonized with IdeS-generated F(ab’)2
fragments (Fig. 2B). Accordingly, a fixed concentration of 3 mg/
ml of 2095–2 was only capable of restoring ADCC function to
IdeS-generated F(ab’)2 fragments and not to MMP-3 or GluV8-
generated F(ab’)2 fragments (Fig. 2C). A CDC assay was next
employed using WIL-2 cells as target cells and intact anti-CD20
IgG1 and F(ab’)2 fragments generated with IdeS, GluV8, or
MMP-3. As was shown with ADCC, a fixed concentration of
5 mg/ml of 2095–2 only restored CDC function to IdeS-gener-
ated F(ab’)2 fragments, whereas no restoration of function was
seen with 2095–2 co-incubated with GluV8 or MMP-3 F(ab’)2
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fragments (Fig. 2D). These results demonstrate that, in the con-
text of F(ab’)2 fragments bound to the surface of a cell, 2095–2
only displayed binding specificity and restoration of function
activity to IgG1 cleaved with IdeS.

2095–2 is capable of restoring ADCC and CDC functions
to IgG4 F(ab’)2 fragments generated with IdeS

PBMC-based ADCC assays in the 2–4 h range are driven by
FcgRIIIa expressed on NK cells,23,24 and among the IgG1,

IgG2, and IgG4 subclasses, IgG1 demonstrates the highest affin-
ity for FcgRIIIa.25 Since IdeS is capable of cleaving all of the
human IgG subclasses within the lower hinge region,21 we sought
to determine if 2095–2 could restore function to F(ab’)2 frag-
ments from each subclass. ADCC assays were set-up using
MDA-MB-231 target cells with anti-CD142 mAbs on the
human IgG1, IgG2, and IgG4 subclasses. The IgG1 anti-CD142
mAb elicited ADCC, whereas the IgG2 and IgG4 subclasses had
limited to undetectable ADCC activity (Fig. 3A). Addition of
the 2095–2 mAb alone did not result in detectable ADCC activ-
ity. To determine if 2095–2 could rescue ADCC activity against
different IgG subclasses, MDA-MB-231 cells were opsonized
with IgG1, IgG2, and IgG4 IdeS-generated F(ab’)2 fragments in
the presence of a fixed concentration of 3 mg/ml of 2095–2. As
shown in Figure 3B, 2095–2 was capable of restoring anti-
CD142 ADCC activity to an IgG1 F(ab’)2 fragment, but not to
an IgG2 F(ab’)2 fragment. In contrast, 2095–2 was capable of
restoring ADCC to the IgG4 F(ab’)2 fragment. A similar CDC
assay was set-up where WIL2-S cells were opsonized with either
IgG1, IgG2, or IgG4 subclass anti-CD20 mAbs and correspond-
ing IdeS-generated F(ab’)2 fragments. Consistent with the
ADCC results, a fixed concentration of 5 mg/ml 2095–2 was
capable of restoring CDC activity to both F(ab’)2 fragment IgG1
and IgG4 anti-CD20 mAbs, but not to an IgG2 F(ab’)2 fragment
(Fig. 3D). These results demonstrate that anti-hinge antibodies
have the ability to restore ADCC and CDC functions to IgG4
IdeS-generated F(ab’)2 fragments where the intact parental IgG4
mAb had limited to undetectable activity.

2095–2 restores and amplifies cell-clearing function
to a cleaved anti-platelet mAb

Antibody-mediated clearance of platelets has proven to be a
useful model to assess the in vivo biological activity of different
IgG subclasses,26 as well as Fc-engineered variants.27 For the pur-
poses of this study, a model of platelet clearance in canines was
devised using the chimeric anti-CD41/CD61 mAb, c7E3.28 A
pilot phase was conducted to establish the dose requirements and
the timing of platelet clearance with c7E3 IgG (data not shown).
The results indicated that 0.01 mg/kg dose was ineffective in can-
ines at 2 and 24 h and was indistinguishable from the saline
group. A 0.05 mg/kg dose had little effect by 2 h, but at 24 h
had resulted in > 90% platelet clearance. The 0.2 mg/kg dose of

Figure 1. Generation of a monoclonal antibody specific for IdeS cleavage
site in the lower hinge of human IgG1. (A) The fully rabbit anti-hinge
mAb 91–2 bound to IdeS-generated F(ab’)2 fragments, but not to intact
IgG1 and F(ab’)2 fragments generated with MMP-3 or GluV8 in a plate-
based ELISA assay. Data are representative of two independent experi-
ments (duplicate measurements per experiment). (B) CDC activity was
measured using rituximab IgG1 (black circles), rituximab IgG1 F(ab’)2 IdeS

(solid gray up triangles), and a fixed concentration of rituximab IgG1 F
(ab’)2 IdeS (1 mg/ml) in the presence of serially-diluted 91–2 (solid red
down triangles). Data are representative of two independent experi-
ments (triplicate measurements per experiment). (C) The rabbit/human
chimeric anti-hinge mAb 2095–2 displayed the same specificity as the
fully rabbit mAb 91–2. Data are representative of two independent
experiments (duplicate measurements per experiment).
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c7E3 IgG resulted in profound platelet clearance at 2 h that was
then maintained at 24 h. These results pointed to a dose of
0.05 mg/kg for the c7E3 IdeS-generated F(ab’)2 fragment to
compare with intact IgG and for subsequent concentration-effect
combinations with the 2095–2 mAb.

The results obtained with c7E3 IgG and the F(ab’)2 fragment
are presented in Figure 4. Intact c7E3 IgG administered at
0.05 mg/kg induced a decline in platelet number (»70% clear-
ance) with a nadir apparent at 24–48 h. Recovery of platelet
numbers began at »72 h and slowly increased through the 96-h
determination. An additional blood sample was incorporated
into the study at 7 d (168 h) to allow a longer-term assessment
of platelet recovery and showed that full recovery was achieved
(in all applicable treatment groups). In contrast, the platelet

numbers in the c7E3 F(ab’)2 group
were not different from those in the
saline control group. Likewise the
cleavage site-specific mAb, 2095–2,
when infused alone, had no measur-
able impact on circulating platelets.
However, in the group that received
c7E3 F(ab’)2 (0.05 mg/kg) plus mAb
2095–2 (0.5 mg/kg), a rapid decrease
of platelet counts occurred such that
at 2 h the effect was nearly maximal.
This was a markedly faster clearance
than observed with intact c7E3 IgG
(0.05 mg/kg). In addition, the extent
of platelet decline was greater in the
c7E3 F(ab’)2 / 2095–2 combination
group (2 and 24 h) compared with
the intact c7E3 IgG group (24 h).
These results demonstrated that
2095–2 not only remediated in vivo
cell-clearance to an otherwise-ineffec-
tive anti-platelet F(ab’)2 fragment,
but provided an apparent amplifica-
tion of the IgG clearance mechanism.

The suggestion of a novel amplifi-
cation phenomenon led us to conduct
a more detailed dose-response investi-
gation for mAb 2095–2 combination
therapy. For this purpose, we adopted
a rat model of platelet clearance. The
c7E3 F(ab’)2 fragment had been pre-
viously shown to bind to rat platelets,
although with lower affinity com-
pared with canine and primate plate-
lets.29 In a similar approach to the
above canine study, we first examined
a range of doses of c7E3 IgG for its
effects on rat platelet clearance and
established that a dose of 3 mg/kg
resulted in detectable platelet clear-
ance in rats, whereas platelet deple-
tion was minimal at a 1 mg/kg dose

(data not shown). Based on those results, we chose a dose of
1 mg/kg for c7E3 F(ab’)2 with the goal of providing a maximum
range for any potential restorative effects of mAb 2095–2. As
shown in Figure 5A, intact c7E3 dosed at 3 mg/kg resulted in
an»70% decline at 24 h whereas a 1 mg/kg dose was essentially
ineffective. Figure 5B depicts the results of the combination
experiments. As expected, c7E3 F(ab’)2 alone at 1 mg/kg did not
induce a progressive decline of platelet numbers, but the same F
(ab’)2 dose combined with 0.1 mg/kg 2095–2 decreased platelet
numbers (1:10 (w/w) ratio or »1:7 molar ratio of 2095–2 to F
(ab’)2). The kinetic profile obtained with the combination was
not appreciably different from that observed with intact c7E3
IgG at 3 mg/kg (Fig. 5A). Further, increasing doses of 2095–2
(0.33, 1.0 and 3.0 mg/kg) greatly accelerated the rate of platelet

Figure 2. 2095–2 specificity on cell-bound F(ab’)2 fragments and ADCC/CDC restoration of function. (A)
F(ab’)2 fragments of rituximab generated with IdeS (solid black circles), GluV8 (solid black up triangles),
and MMP-3 (solid black squares) displayed comparable binding to WIL2-S cells. (B) The anti-hinge mAb
2095–2 bound to cells opsonized with IdeS-generated F(ab’)2 fragments (solid black circles), but not to
GluV8-generated F(ab’)2 fragments (solid black up triangles) or MMP-3-generated (solid black squares).
Data from (A) and (B) are representative of two independent experiments. (C) The anti-hinge mAb
2095–2 was capable of restoring ADCC function to IdeS-generated F(ab’)2 fragments (open up red trian-
gles), but not to GluV8-generated F(ab’)2 fragments (open green diamonds) or MMP-3-generated F(ab’)2
fragments (open down blue triangles). Addition of 2095–2 alone (solid gray squares) or F(ab’)2 IdeS frag-
ments (solid black up triangles), F(ab’)2 GluV8 fragments (solid black diamonds), or F(ab’)2 MMP-3 frag-
ments (solid black down triangles) alone did not result in appreciable ADCC activity. Data are
representative of 2 independent experiments (duplicate measurements per experiment). (D) The anti-
hinge mAb 2095–2 was capable of restoring CDC function to anti-CD20 IdeS-generated F(ab’)2 frag-
ments (open up red triangles), but not to GluV8-generated F(ab’)2 fragments (open green diamonds) or
MMP-3-generated F(ab’)2 fragments (open down blue triangles). Addition of 2095–2 alone (solid gray
squares) or F(ab’)2 IdeS fragments (solid black up triangles), F(ab’)2 GluV8 fragments (solid black dia-
monds), or F(ab’)2 MMP-3 fragments (solid black down triangles) alone did not result in appreciable CDC
activity. Data are representative of 2 independent experiments (triplicate measurements per
experiment).
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clearance by c7E3 F(ab’)2, and all three
combination regimens effectively
reduced platelet numbers to near the
limit of detection through 24 h. The
results of the dose-ranging study in rats
corroborated the earlier findings in can-
ines and further pointed to an unex-
pected combinatorial mechanism of
cell (platelet) clearance using an anti-
hinge mAb approach.

Discussion

The motivation for developing a
mAb directed to cleavage site neo-epito-
pes in the IgG1 hinge stemmed from
the many observations that human anti-
hinge antibodies occur widely in the
normal population.1,30 The roles of
such polyclonal antibodies in health
and disease remain obscure and have
led to numerous correlations and
hypotheses.1

We chose rabbits for anti-hinge mAb
development when it was noted that
strong polyclonal responses to the pep-
tide antigens of interest were consis-
tently obtained,31 and similar responses
were not gained with immunizations in
mice. Indeed, others have indicated that
mice rarely generate anti-hinge autoan-
tibodies.32 The rabbit immunogen was
a cysteine-coupled KLH conjugate of
the peptide CTAPPAPAPELLG with a
free C-terminal glycine corresponding
to the point of IdeS-mediated scission
between gly-236 and gly-237 in the
human lower hinge.21 The sequence
corresponding to the core hinge of
IgG1, CPPC, was changed to APPA in
order to prevent inter and intra disulfide
bonds within the peptide preparation.
An obvious feature of this immunogen is that its C-terminal
exposure of gly-236 corresponds with the end of IgG1 that
remains bound to cellular targets after cleavage. In fact, we had
found no similar serum reactivity to the opposing side of the
cleavage site containing the free N-terminus (gly-237).6 The ini-
tial rabbit IgG (91–2) was engineered as a chimeric rabbit/human
mAb (2095–2) with human constant domains and rabbit anti-
gen-binding domains. The 2095–2 mAb displayed selective
binding to antigens displaying the gly-236 terminus and negligi-
ble reactivity for extended sequences or to IgG hinge analogs end-
ing at C-terminal sites exposed by unrelated proteases as was
demonstrated in a recent publication where the structure of the
2095–2 Fab was detailed.33 Biotinylated-peptide lengths between

8 and 12 amino acids were variously and successfully employed
in ELISA; length appeared to be relatively less important than
the C-terminal residue. As previously noted, the use of peptide
analogs facilitated an investigation of other sites of C-terminal
immune recognition that could point to other potential proteo-
lytic cleavage sites. The gly-236 terminus was identified as among
the most antigenic sites in the hinge and is the site of IdeS cleav-
age of human IgG1 and IgG4.2

The use of a single-chain peptide as the immunogen for mAb
2095–2 disregarded the fact that the IgG hinge is composed of
two parallel chains with disulfide bridges. This approach was cho-
sen despite earlier suggestions regarding the presence of confor-
mation-based epitopes for serum anti-hinge antibodies.34 The X-

Figure 3. 2095–2 restores ADCC and CDC function to both IdeS-generated IgG1 F(ab’)2 fragments and
IgG4 F(ab’)2 fragments, but not to IgG2 F(ab’)2 fragments. (A) The intact anti-CD142 IgG1 mAb elicited
ADCC against MDA-MB-231 cells (solid black circles), whereas anti-CD142 IgG2 (solid green squares),
anti-CD142 IgG4 (solid blue diamonds), and 2095–2 alone (solid gray up diamonds) showed minimal
ADCC activity. (B) Anti-CD142 IdeS-generated F(ab’)2 fragments of IgG1 (solid black circles), IgG2 (solid
green squares), and IgG4 (solid blue diamonds) did not elicit detectable ADCC. A fixed concentration
of 3 mg/ml of 2095–2 restored ADCC to anti-CD142 IdeS-generated F(ab’)2 fragments of IgG1 (open
red circles) and IgG4 (open blue diamonds). Data in (A) and (B) are representative of three indepen-
dent experiments (duplicate measurements per experiment). (C) The intact anti-CD20 IgG1 mAb eli-
cited CDC against WIL2-S cells (solid black circles), whereas anti-CD20 IgG2 (solid green squares), anti-
CD20 IgG4 (solid blue diamonds), and 2095–2 alone (solid gray up diamonds) displayed minimal CDC
activity. (D) Anti-CD20 IdeS-generated F(ab’)2 fragments of IgG1 (solid black circles), IgG2 (solid green
squares), and IgG4 (solid blue diamonds) did not elicit detectable CDC. A fixed concentration of 5 mg/
ml of 2095–2 restored CDC to anti-CD20 IdeS-generated F(ab’)2 fragments of IgG1 (open red circles)
and IgG4 (open blue diamonds). Data in (C) and (D) are representative of two independent experi-
ments (triplicate measurements per experiment).
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ray crystal structure of mAb 2095–2 in complex with the cleaved
hinge peptide analog demonstrated why disulfide bonds or higher
order structures did not come into play. The specificity of 2095–
2 was shown to result from discreet interactions with the terminal

four amino acids of the single-chain sequence; key importance
given to the C-terminal glycine.33 The mAb 2095–2 was also
shown only to bind to IgG F(ab’)2 fragments possessing the same
carboxyl terminus. We further propose that single-chain immu-
nogens can be considered more reflective of the IgG single-
cleaved hinge in which a single C-terminus is exposed. As previ-
ously noted, single cleaved IgGs may be the predominant prod-
ucts of protease action on cell-bound antibodies.9 Nevertheless,
the subject of single-cleaved IgG as the target for mAb 2095–2
binding in vitro and in vivo and the resulting functional restora-
tion will be the subject of a subsequent communication.

The ability of the 2095–2 mAb to restore in vitro complement
function and antibody-dependent cell-killing to F(ab’)2 frag-
ments was predicted based on a similar restoration of cell-killing
by human serum anti-hinge polyclonal antibody preparations.2,5

Cell-bound antibodies with a proteolytic nick in the hinge likely
present the cleavage site epitope in an advantageous orientation
for recognition by anti-hinge antibodies. For the in vivo testing
of this concept, we adopted platelet clearance as a convenient and
quantifiable model system. An intact anti-CD41/61 IgG induced
time-dependent reductions in circulating platelet numbers in
both canines and rats whereas equivalent doses of an IdeS-gener-
ated F(ab’)2 fragment were ineffective. The results obtained with
the combinations of mAb 2095–2 and the F(ab’)2 fragment,
however, could not have been anticipated with regard to the
rapidity and extent of platelet clearance. In both the canine and
rat models, there was a strong suggestion of an amplification
effect such that the F(ab’)2 fragment C 2095–2 combination was
more effective than the intact anti-CD41/61 mAb by itself. In
the rat dose-response experiment, lower doses of 2095–2 com-
pared with the F(ab’)2 fragment were sufficient to achieve ampli-

fication of platelet clearance. Thus, the
platelet model provided evidence for a
surprising level of cell clearance in vivo
that surpassed the activity of related
cell-killing combinations in vitro. The
results point to a novel treatment para-
digm for the reduction or eradication of
pathologic cell types and studies are
underway to explore this potential in
models of cancer and infectious diseases.

The detailed mechanism for the res-
toration of function by mAb 2095–2
remains to be fully understood. How-
ever, one likely contribution for the
anti-hinge mAb is a restitution of target
cell connectivity to immune cells or
complement through the intact Fc
domain of 2095–2. If true, such a mech-
anism implies that, even in its cleaved
state, the cell-bound antibody can medi-
ate the eradication of the target cell – in
this case via the anti-hinge intermediary
mAb. This conjecture finds support in
the observation that mAb 2095–2 intro-
duces cell-killing capacity to an IgG4 F

Figure 5. 2095–2 amplifies in vivo platelet depletion to IdeS-generated F(ab’)2 fragments of c7E3 in
rats compared with intact c7E3. (A) Treatment of rats with PBS (solid gray squares), 1 mg/kg of c7E3
(solid black circles), or 3 mg/kg of 2095–2 (solid red down triangles) did not result in platelet deple-
tion, whereas treatment with 3 mg/kg of c7E3 (solid blue up triangles) displayed detectable platelet
depletion. (B) Treatment of rats with 1 mg/kg of c7E3 F(ab’)2 fragment did not result in platelet deple-
tion (solid gray squares), whereas the combination of 1 mg/kg of c7E3 F(ab’)2 fragment and 0.1 mg/
kg of 2095–2 (solid black diamonds), 0.33 mg/kg of 2095–2 (solid red down triangles), 1 mg/kg of
2095–2 (solid blue up triangles), or 3 mg/kg of 2095–2 (solid black circles) resulted in a dose-depen-
dent increase in platelet depletion. Data are representative of the average C/¡ SEM of three animals
per group.

Figure 4. 2095–2 restores in vivo platelet depletion to IdeS-generated F
(ab’)2 fragments of c7E3 in canines. Treatment of canines with saline
(open black diamonds), 0.05 mg/kg of 2095–2 alone (gray up triangles),
and 0.05 mg/kg of IdeS-generated F(ab’)2 fragments of c7E3 alone (solid
brown squares) did not result in platelet depletion, whereas treatment
with 0.05 mg/kg of intact c7E3 (solid black circles) resulted in platelet
depletion. The combined treatment of 0.05 mg/kg of c7E3 F(ab’)2 IdeS

and 0.5 mg/kg of 2095–2 (open red circles) resulted in rapid platelet
clearance. Data are representative of the average C/¡ SEM of three ani-
mals per group.
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(ab’)2 – a subclass with weak NK cell-mediated ADCC and CDC
activity as the intact IgG4 relative to intact IgG1. Furthermore,
in the solved crystal structure of the Fab of 2095–2 in complex
with a peptide analog of the IgG1 hinge, the core recognition
motif was determined as a 4 amino acid sequence corresponding
to the lower hinge region of IgG1, ELLG.33 The corresponding
sequence in IgG4 contains phe-234 in contrast to the IgG1 leu-
234. This discrepancy in sequence did not affect the ability of
2095–2 to restore function to an IgG4 F(ab’)2 fragment.

The unexpected finding of in vivo amplification for mAb
2095–2 C F(ab’)2 prompted attempts to understand this phe-
nomenon in mechanistic terms. Among these, it might be con-
jectured that the complex of the anti-hinge mAb with the cell-
bound F(ab’)2 fragment could position a “surrogate” Fc domain
at an extended distance from the cell surface to, in some way,
facilitate recruitment of immune cells or complement. Alterna-
tively, an enhanced flexibility of the 2-antibody “sandwich”
might assist those same immune surveillance and recruitment
systems. Or, the bivalent anti-hinge mAb could be envisioned
as a bridge between two clipped cell-bound antibodies and
thereby reorient the cell surface targets or take advantage of
avidity binding not available to primary antibodies. Other
explanations can likely be put forth. Nevertheless, we suggest
that the novel findings from this study point to a means to
translate a well-documented human serum anti-IgG hinge
immune paradigm into a therapeutic regimen for the eradica-
tion of pathological entities.

Materials and Methods

Reagents
WIL2-S cells and MDA-MB-231 cells were obtained from

American Type Culture Collection. WIL2-S cells were cultured
in RPMI 1640 (Life Technologies, cat.no. 61870) and 10%
FBS (Life Technologies, cat.no. 10437), and MDA-MB-231
cells were cultured in DMEM containing glutamax (Life Tech-
nologies, cat.no. 10569), 1X nonessential amino acids (Life
Technologies, cat.no.11140), and 10% FBS. The IgG1 anti-
CD142 mAb (CDR grafted, humanized) contains the same V-
region as the murine anti-human CD142 mAb TF8–5G9,
which came from the Scripps Research Institute and has been
previously described.35,36 The heavy and light chains of the
anti-CD142 mAb were engineered onto the IgG2 and IgG4
subclasses by molecular cloning. The V-region DNA sequences
for the anti-CD20 mAb were the same as those used in rituxi-
mab (VL GenBank accession number AR015962 and VH Gen-
Bank accession number AR000013). The anti-CD41/CD61
mAb (also known as GPIIb/IIIa and aIIbb3), c7E3 was previ-
ously described.28 The heavy and light chains of the anti-CD20
mAb were engineered onto the IgG2 and IgG4 subclasses by
molecular cloning.

Generation of recombinant 2095–2
Rabbits were immunized with a peptide analog of the IdeS-

cleaved human IgG1 hinge with a C-terminus residue

corresponding to gly-236 (Kabat numbering system aligned to
the human IgG1 EU sequence22). Rabbit hybridomas were gen-
erated,37 and the antibody heavy chain (HC) and light chain cell
(LC) genes were molecularly cloned from a culture of a hybrid-
oma cell line secreting a rabbit mAb (91–2) that bound to IdeS-
cleaved human IgG1 F(ab’)2 fragments. Following sequence anal-
ysis, the single HC and two LC variable region gene fragments
were cloned into mammalian expression plasmids containing
human IgG1 or human kappa constant region coding sequences,
respectively, to generate chimerized rabbit/human full antibody
protein. The HC plasmids were transfected into HEK-293 cells
in independent wells with each of the LC expression plasmids.
After 7 d, the conditioned media containing the secreted anti-
body was assayed by an anti-Fc (Jackson ImmunoResearch, cat.
no. 109–035–098) ELISA to measure recombinant antibody
expression levels. The protein from the C2095LC2/HC co-trans-
fection demonstrated robust binding to IdeS-generated F(ab’)2
fragments, whereas the protein generated containing the alterna-
tive LC (2095–1) did not demonstrate specific binding. Based on
this data, recombinant 2095–2 is defined by variable regions
C2095-HC and C2095-LC2.

ELISA
Duplicate 96-well plates were coated with 2 mg/ml of anti-

CD20 (described above) intact IgG1, IdeS-generated F(ab’)2
fragments, GluV8-generated F(ab’)2 fragments, or MMP-3-gen-
erated F(ab’)2 fragments overnight at 4�C in PBS. Plates were
washed 3 times with 150 mMNaCl C 0.02% Tween 20 (Sigma,
cat.no. P7949). Plates were blocked in PBS C 3% bovine serum
albumin for 1 h at room temperate. The rabbit anti-hinge mAb,
91–2, was added at 1 mg/ml for 1 h at room temperature, plates
were washed 3 times, followed by addition of a donkey anti-rab-
bit horse radish peroxidase (HRP) secondary antibody (Pierce,
cat.no. 31458) diluted 1:10,000 for 1 h at room temperature.
Plates were washed 3 times, and HRP was detected with by the
addition of 50 ml of TMB (Fitzgerald, cat.no. 31458). The reac-
tion was stopped by the addition of 50 ml of 0.5 M HCl. Plates
were read at 450 nm on a SpectraMax plus 384 plate-reader
(Molecular Devices). A biotinylated version of the rabbit/human
chimeric mAb, 2095–2, was added to separate plates at 1 mg/ml
for 1 h at room temperature. Plates were washed 3 times and
2 mg/ml streptavidin-HRP (Jackson ImmunoResearch, cat.no.
016–030–084) for 1 h at room temperate. Plates were washed
3 times, and HRP was detected with by the addition of 50 ml of
TMB (Fitzgerald, cat.no. 31458). The reaction was stopped by
the addition of 50 ml of 0.5 M HCl. Plates were read at 450 nm
on a SpectraMax plus 384 plate-reader (Molecular Devices). The
charts were generated using GraphPad Prism v5.

Cell binding assays
IdeS (Genovis custom order), MMP-3 (Janssen R&D, LLC)

or GluV8 (Biocentrum, cat.no. E-006) were used to cleave rituxi-
mab, and F(ab’)2 fragments were obtained after purification with
protein A. The purity of the F(ab’)2 fragments was confirmed
using capillary electrophoresis. For cell-binding experiments,
2£105 WIL2-S cells were stained with increasing concentrations
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of F(ab’)2 fragments in FACS buffer (BD Biosciences, cat.no.
554657) for 30 min at 4�C, washed twice with PBS, and then
detected with either 10 mg/ml A647-conjugated 2095–2 or
10 mg/ml A647 goat anti-human Heavy C Light F(ab’)2 (Jack-
son ImmunoResearch, cat.no. 109–606–003). After 30 min at
4�C, cells were washed twice with PBS and then acquired on a
flow cytometer (Becton Dickinson LSRFortessa). Data were ana-
lyzed using Flowjo (Treestar) and graphed using GraphPad
Prism v5. Data were log-transformed and fitted to a sigmoidal
dose-response curve.

ADCC assays
For the WIL2-S ADCC assays, 0.5£106 human PBMCs were

used as effector cells and 1 £104 BATDA-labeled (PerkinElmer,
cat.no. C136–100) WILS2-S cells were used as target cells in a
50:1 ratio. Cells were incubated with increasing concentrations
of anti-CD20 IgG1 or anti-CD20 F(ab’)2 fragments generated
with IdeS, MMP-3 or GluV8 in the presence or absence of a
fixed concentration of 3 mg/ml anti-hinge mAb 2095–2, a con-
centration intended to approximate the estimated amount of cir-
culating HAH in normal human serum.2 Human PBMCs,
labeled WIL-2S cells and the indicated antibody concentrations
were combined in 200 ml total 10% FCS in RPMI 1640 supple-
mented with Glutamax (Life Technologies, cat.no. 35050), 10%
heat-inactivated FBS, 0.1 mM nonessential amino acids (Life
Technologies, cat.no. 10082) and 1 mM sodium pyruvate (Life
Technologies, cat.no. 11360) in U-shaped 96 well plates, centri-
fuged for 2 min at 200 g and incubated at 37�C. After 2 h,
plates were centrifuged at 200 g for 5 min, and 20 ml of superna-
tant were mixed with 200 ml DELPHIA Europium-based
reagent (PerkinElmer, cat.no. C135–100). For the MDA-MB-
231 cells, ADCC assays were performed in a similar manner, but
anti-CD142 mAbs were employed and the effector to target ratio
was 25:1. For each assay, Relative Fluorescence Units were mea-
sured using Envision 2101 Multilabel Reader (Perkin Elmer).
Percent lysis was calculated as (Sample Release - Spontaneous
Release)/(Maximal release (from Triton-100 lysis) - Spontaneous
Release) x 100%. Data were log-transformed and fitted to a sig-
moidal dose-response curve using GraphPad Prism v5.

CDC assays
For WIL2-S CDC assays, cells were plated in triplicate 96-

well U-bottom plates at 0.08 £ 106 cells/well in RPMI C 10%
FBS. Cells were incubated at room temperature with increasing
concentrations of anti-CD20 IgG1 or anti-CD20 F(ab’)2 frag-
ments generated with IdeS, MMP-3 or GluV8 in the presence or
absence of a fixed concentration of 5 mg/ml anti-hinge mAb
2095–2 (100 ml total volume). After 1 h, 50 ml of a 10% rabbit
complement (Invitrogen, cat.no. 31038100) solution was added,
mixed by pipetting up and down, and then incubated at 37 �C.
After 30 min, plates were centrifuged at 200 g for 5 min, and
50 ml of supernatant were mixed with 50 ml of lactate dehydro-
genase detection kit (Roche, cat.no. 11 644 793 001) for 15 min
at room temperature in the dark. Plates were read on a Spectra-
Max plus 384 (Molecular Devices) at 490 nm. Percent lysis was
calculated as (Sample Release – WIL2-S in complement solution

alone)/(Maximal release (from Triton-100 lysis) - WIL2-S in
complement solution alone) £ 100%. Data were log-trans-
formed and fitted to a sigmoidal dose-response curve using
GraphPad Prism v5.

Canine platelet depletion
Circulating blood platelets present a convenient and accessible

system for the study of antibody-mediated cell clearance.26,27

Accordingly, we employed the anti-platelet mAb, c7E3, which
also cross reacts with the corresponding epitope on canine and
rat platelets.29 Two preparations of c7E3 were used: the intact
murine-human IgG1 chimeric antibody, and a F(ab’)2 fragment
prepared using the bacterial enzyme IdeS.31 Animal studies (3
animals per group) were conducted at Covance Research Labora-
tories (Denver, PA).

The c7E3 IgG and F(ab’)2 fragment were infused IV at the
indicated doses (see Results) over a 20 min period with the goal
of achieving equivalent coating of the entire circulating platelet
pool. The PBS control solution and the mAb 2095–2 (alone at
0.5 mg/kg) were similarly infused. The additional combined
treatment group received c7E3 F(ab’)2 and, after a 10 min delay,
a 20 min infusion of 2095–2 (0.5 mg/kg). Platelet counts were
determined in EDTA-anti-coagulated blood by standard auto-
mated analysis (Quest Diagnostics, Wyomissing PA). The aver-
age of the platelet count replicates (n D 5) at each time were
normalized to the pre-dose number for each animal and
expressed as percent of baseline. The average value for each treat-
ment group of three animals was expressed and plotted relative to
baseline (C/¡ SEM).

Rat platelet depletion
The dose-response profile of the combination regimen of

c7E3 F(ab’)2 and 2095–2 was investigated in the more accessible
rat model. The doses required for c7E3 IgG-mediated platelet
clearance (see Results) reflected the lower affinity of the mAb for
rat platelets compared with the canine system above.29 The pro-
tocol conformed to the study in canines with several exceptions.
In particular, due to volume constraints imposed by retro-orbital
blood collection in rats, baseline counts were not obtained for all
test groups. Therefore, results were not normalized to each indi-
vidual group’s baseline; rather the absolute platelet counts were
reported starting at the initial 1 h time point.

The test articles were injected IV via slow bolus for 30 s, using
a 1 ml constant dose volume based on individual animal weights.
The 2095–2 mAb doses were also infused intravenously at an
»60 min interval after the F(ab’)2. Platelet counts were deter-
mined in EDTA-anti-coagulated blood samples using an
ADVIA� 2120 hematology analyzer (Siemens). The average
platelet counts for each group were plotted using GraphPad
Prism v5 (C/¡ SEM)
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