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The successful elimination of pathogenic cells and microorganisms
by the humoral immune system relies on effective interactions
between host immunoglobulins and Fc� receptors on effector cells,
in addition to the complement system. Essential Ig motifs that
direct those interactions reside within the conserved IgG lower
hinge/CH2 interface. We noted that a group of tumor-related and
microbial proteases cleaved human IgG1s in that region, and the
‘‘nick’’ of just one of the heavy chains profoundly inhibited IgG1
effector functions. We focused on IgG1 monoclonal antibodies
(mAbs) since IgG1 is the most abundant human subclass and
demonstrates robust Fc-mediated effector functions. The loss of
Fc-mediated cell killing activities was correlated with diminished
binding to the Fc� family of receptors, but a similar decrease in
affinity was not observed toward the FcRn receptor that maintains
IgG in circulation. Endogenous human IgG cleavage products of
comparable size to mAbs with the single cleavage were detected
by Western blot analysis in synovial fluid from patients with
rheumatoid arthritis and in breast carcinoma extracts. Their detec-
tion is problematic under physiological conditions, since there is no
loss of structure, and antigen-binding capability is unaffected.
These findings suggest that within the hostile proteolytic micro-
environments associated with many diseases, key effector func-
tions of host IgGs, or therapeutic Abs, may be compromised.

antibody-dependent cellular cytotoxicity �
complement-dependent cytotoxicity � Fc gamma Receptors �
matrix metalloproteinases � monoclonal antibodies

Antibodies are key mediators of inflammatory responses that
can link cell-bound antigen with immune effector cells. The

structure of an IgG antibody is characterized by two antigen-
binding Fab arms that are coupled to the Fc portion by the hinge
region. The structural organization allows antibodies to recognize
either soluble or cell-bound antigen through the Fab arms and
activate (or suppress) immune cells by interactions of the Fc portion
of the antibody with Fc receptor (FcR) bearing cells. Binding of
antigen-engaged IgGs to FcRs activates effector functions such as
phagocytosis, endocytosis of IgG-opsonized particles, release of
inflammatory cytokines and chemokines, and antibody-dependent
cytoxicity (ADCC) of IgG-coated cells (1). We focused on IgG1,
because it is the most abundant subclass of circulating human IgG
and is the most widely available of human monoclonal antibodies
(mAbs). IgG1 interacts with the Fc� family of receptors that include
Fc�RI (CD64), Fc�RII (CD32), which has the isoforms Fc�RIIa,
Fc�RIIb, and Fc�RIIc, and Fc�RIII (CD16), which has the iso-
forms Fc�RIIIa and Fc�RIIIb (1). All members of the Fc� family
of receptors bind to amino acid residues in the lower hinge region,
in particular, the critical stretch in IgG1 from E233/L234/L235/
G236/G237/P238 (EU numbering) (2–12). Amino acids within the
lower hinge and CH2 regions are also implicated in complement
C1q binding (13) and the subsequent lysis of target cells. For
convenience, this domain of IgG structure will subsequently be
referred to as the lower hinge. In contrast, the residues on IgG

responsible for binding the MHC-class I related receptor, the
neonatal Fc receptor (FcRn) that mediates the serum half-life of
circulating IgGs (14–16), are located in the area between the CH2
and CH3 regions of the Fc (17–19).

Several groups previously documented that certain proteases
associated with inflammation, tumor invasion, metastasis, and
bacterial infections have the ability to cleave IgGs (20, 21). Several
proteases preferentially cleave IgGs in the lower hinge, including
the matrix metalloproteinases (MMPs) stromelysin-1 (MMP-3),
metalloelastase (MMP-12) (both cleave between P232 and E233),
and matrilysin (MMP-7) (between L234 and L235); cathepsin G,
Staphylococcus aureus glutamyl endopeptidase I (GluV8) (both of
which cleave between E233 and L234); and the IgG-degrading
enzyme of Streptococcus pyogenes (IdeS) (between G236 and G237)
(20–22). Proteolytic cleavage of IgGs by the latter group of pro-
teases occurs in a step-wise process, whereby first one heavy chain
is cleaved, generating an intermediate product that has a single
cleavage in the lower hinge (20, 21, 23). A second, slower cleavage
of the opposite heavy chain in the lower hinge separates the F(ab�)2
fragment from the Fc fragment. F(ab�)2 fragments have no Fc�-
mediated effector functions since they cannot bind to members of
the Fc�R or sufficiently bind C1q to mediate complement-
dependent cytotoxicity (CDC). Additionally, F(ab�)2 fragments
have decreased serum half-lives relative to intact IgGs since they
can no longer interact with FcRn. In contrast, we are unaware of
studies that have addressed the biological implications of the
single-cleaved intermediate containing the Fc domain still linked
through the second heavy chain.

Despite the fact that many of the above-mentioned proteases
have the ability to cleave IgGs in purified in vitro systems, there are
few reports of IgG cleavage products from in vivo sources. Early
studies reported the presence of IgG breakdown products in abscess
fluid (24, 25). We have previously shown the presence of degraded
IgGs in the synovial fluids (SF) from patients with rheumatoid
arthritis (21). Others have demonstrated that IdeS cleaves IgG-
coated S. pyogenes with resulting inhibition of killing by phagocytic
cells (26). Moreover, the existence of human autoantibodies
directed against the cleaved hinge of IgGs alludes to the presence
of cleaved IgGs as autoantigens (27–29). These findings led to
the present examination into the presence of proteolytic inter-
mediates from in vivo samples and the functional attributes of
single-cleaved IgG.
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Results and Discussion
Human and Bacterial Proteases Can Cleave Human IgG1 in the Lower
Hinge/CH2 Region to Generate a Single-Cleaved Intermediate. This
study was prompted by repeated observations of a single-cleaved
intermediate during proteolysis of humanized IgG1� mAbs (160
kDa) by the human proteases, MMP-3, MMP-7, MMP-12, MMP-
13, and the two bacterial proteases GluV8 and IdeS (21). Depend-
ing on the enzyme, cleavage occurred at slightly different positions
within a closely spaced sequence of several amino acids in the lower
IgG1 hinge (21) and was visualized in each case as a species of
approximately 138 kDa in nonreducing SDS-PAGE or microcap-
illary electrophoresis (Fig. 1A). The decreased mass conforms with
the separation of the Fc monomer (1/2 Fc) under the denaturing
conditions as previously noted for MMP-3 and MMP-7 (20).
Extended incubation led to cleavage of both heavy chains to yield
F(ab�)2s in several of the protease digestions in Fig. 1A.

Under nondenaturing conditions (e.g., HPLC, SEC), the masses
of intact IgG and the single-cleaved intermediate were indistin-
guishable because of the core hinge disulfide bridging between Fc
and Fab arms and the strong noncovalent associations of the two
paired Fc chains in the CH3 regions (30, 31). A putative structure
for the single-cleaved IgG intermediate in nondenaturing and in
denaturing conditions is depicted in Fig. 1B (see also ref. 20). Thus,
analytical methodologies such as immunohistochemistry and flow
cytometry that detect IgG through conventional anti-Fc or anti-
heavy/light chain antibody reagents would also fail to detect the
presence of the single peptide bond cleavage.

Extending previous observations of IgG breakdown products in
the SF from patients with rheumatoid arthritis (21), we purified
Fc-containing components from SF and invasive human breast
carcinoma tissues by protein A chromatography. Immunoblotting
indicated the presence of two prominent bands in denaturing,
nonreducing conditions (Fig. 1C). The sizes of the two bands
coincided with an intact and a single-cleaved mAb standard,
respectively. Treating the SF-derived and tumor extract compo-
nents with exogenous IdeS protease converted the intact IgG to the
position of the endogenous single-cleaved intermediate in SF (Fig.
1C, rightmost lane). The enzymes(s) responsible for endogenous
IgG cleavage in the protease-rich SF and breast tumor environ-
ments (32–34) were not identified in the present investigation. Also,
the rates at which IgG cleavage products are generated or accu-

mulate in vivo were not specifically investigated here, although such
determinations are of obvious interest for future study. However,
the results pointed to an accumulation of single-cleaved interme-
diates as observed with mAbs/purified proteases in vitro (Fig. 1A).
The potential relevance of these findings for immune function in
protease-rich inflammatory and tumor microenvironments (26, 35,
36) led us to investigate the functional properties of antibodies
possessing the single lower hinge cleavage.

Antibodies Are Susceptible to Proteolysis While Bound to Cell Surface
Antigens. A mAb directed to CD142 on MDA-MB-231 breast
carcinoma cells was prebound to the cells and then exposed to
MMP-3 for varying times. The cells were processed for flow
cytometry and probed for the presence of IgG1 Fc or alternatively
for MMP-3-generated proteolytic derivatives of IgG1 using a
specific rabbit anti-hinge antibody preparation (21). The results are
presented as both comparative histograms (Fig. 2 A and C) and as
bar graphs of the relative fluorescence signal over a 24-h period
(Fig. 2 B and D). There was a time-dependent increase of cleaved
IgG signal on MMP-3-treated cells that approached the value found
for cells prebound with purified single-cleaved mAb4. There was no
increase in signal with cells incubated for similar periods in the
absence of MMP-3. The anti-Fc gamma domain signal was retained
at a comparable level throughout this period regardless of the
presence or absence of MMP-3 (Fig. 2D), indicating that the Fc
component of IgG was not displaced. Thus, these results provided
an example of protease-mediated generation and accumulation of
the single-cleaved intermediate of prebound IgG on a cell surface.

Single-Cleaved Antibodies Were Ineffective at Mediating Cellular
Lysis In Vitro. ADCC assays were performed with intact mAb4 IgG1
and its proteolytic derivatives using the MDA-MB-231 cells as
targets and human PBMCs as effector cells (28). Intact mAb4
showed concentration-dependent cell lytic activity with an EC50 of
approximately 3 ng/mL (Fig. 3A). The mAb4 single-cleaved IgG
(via IdeS) showed no lytic activity [similar to the mAb4 F(ab�)2
fragment] at concentrations up to 3 �g/mL. However, the intact and
single-cleaved mAb4 versions showed comparable antigen binding
activity on the MDA-MB-231 cells, as assessed by flow cytometry
(Fig. 3B). In a parallel system, complement-mediated lysis (CDC)
of WIL2-S human B lymphoma cells by the anti-CD20 mAb5 IgG1
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demonstrated an EC50 of approximately 100 ng/mL (Fig. 3C). The
single-cleaved mAb5 derivative was inactive at up to 27 �g/mL
[indistinguishable from F(ab�)2]. The intact and single-cleaved
versions of mAb5 exhibited comparable antigen binding on the
WIL2-S cells (Fig. 3D). In preliminary testing, an IgG3 mAb also
showed a progressive, but slower, MMP-3-mediated decrease in
ADCC activity, indicating that protease-mediated loss of function
is not limited to IgG1. Thus, both Fc�R-dependent and comple-
ment-mediated effector functions were decoupled from antigen
binding function as a result of the single proteolytic cleavage in the
lower hinge.

The profound loss of in vitro function resulting from the single
IgG1 lower hinge cleavage was not previously noted, but carries
potential in vivo implications even for high affinity Abs. If host IgGs
against invasive cells undergo related single cleavages by locally
expressed proteases within pathological settings, the proteolytic
derivatives could retain affinity for the target antigen, remain
bound to the cell, and thereby interfere with further intact IgG
binding to that site. A similar hypothesis was forwarded for pro-
teolytically cleaved IgAs in the digestive tract, allowing pathogenic
organisms to colonize through evasion of host mucosal immune
responses (37). A number of the proteases that we have identified
to cleave IgG in vitro are expressed by invasive cells that would

potentially gain advantage from localized and persistent impair-
ment of in vivo host immune function (e.g., tumors, bacteria)
(38–40). Based on the in vitro functional studies presented above,
we predicted that a similar disjunction between antigen binding and
effector functions should occur in vivo.

Single-Cleaved Antibodies Did Not Induce Specific Cell Clearance in
Two Independent In Vivo Models. The first study assessed the
survival/clearance of murine splenic CD4� T cells by the rat GK1.5
anti-CD4 mAb (41–43). The single-cleaved version of GK1.5 was
generated with IdeS and purified similarly to the human IgG1s as
described in Materials and Methods. GK1.5 is a rat IgG2b with the
same highly conserved LLGGPSV sequence in the lower hinge for
which IdeS exhibits specificity in human, mouse, and rabbit IgGs
(44). Both intact and single-cleaved GK1.5 showed similar frequen-
cies of CD4� T cells in mouse splenocyte preparations when the
antibodies were added in vitro. Separately, groups of five age-
matched, female mice were injected with either intact GK1.5 or the
single-cleaved form of GK1.5 (0.3 mg/animal, respectively). After 4
days, the spleens were harvested and tested for the presence of
CD8� T cells and CD4� T cells (using the RM4–4 anti-CD4
antibody that has a different epitope than GK1.5) (45). Intact
GK1.5 induced a marked reduction in the frequency of CD4� T
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Fig. 2. MMP-3 addition to cells preincubated with mAb4 results in detection of cleaved IgG without appreciable loss of the Fc region. (A) Histograms for the
detection of cleaved IgG hinge for MDA-MB-231 cells preincubated with mAb4, followed by addition of MMP-3 for 24, 8, 4, or 2 h. Levels of cleaved hinge were
detected with a fluorescently labeled antibody specific for the MMP-3 hinge cleavage site. (B) Mean fluorescence intensities (mfi) plotted as bar graphs detected
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anti-Fc gamma domain specific antibody are shown for each time point � SD for three replicates.
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cells, but not CD8� T cells from the spleens of the treated animals
(Fig. 4A). In contrast, single-cleaved GK1.5 did not induce cellular
depletion, and the frequency of CD4� T cells relative to CD8� cells
was similar to the profile in untreated mice.

In a second study, the intact vs. single-cleaved comparison was
conducted with the chimeric mAb3 IgG1 that binds to the CD41/
CD61 receptor on the surface of human and dog platelets (46).
Platelet counts were monitored following i.v. administration of each
agent at 0.05 mg/kg body weight (defined by an intact IgG pilot
study). The results in each group of five animals (including a
separate saline control group) are summarized in Fig. 4B. Approx-
imately 90% of the circulating platelets at baseline were cleared
within 24 h in the group receiving intact mAb3 IgG. No similar
decline occurred in the group receiving the single-cleaved IgG
derivative (not significantly different from the saline control group).
Moreover, the profile in the single-cleaved IgG group remained
unchanged for the 96-h observation period indicating the absence
of delayed effect. These two unrelated in vivo models confirmed
that single-cleaved, receptor-targeted mAbs were ineffective at cell
clearance.

The Loss-of-Function of Single-Cleaved IgG Correlated with Decreased
Affinity for Fc� Receptors. Estimates of the relative affinities of
intact and single-cleaved mAb5 to the human Fc� family of
receptors; Fc�RI, Fc�RIIa, Fc�RIIb, Fc�RIIIa, and FcRn were
performed with the AlphaScreen method (47), and the results are
depicted as competition binding curves (Fig. 5 A–E). The F(ab�)2
fragment of mAb5 was included in each case as a control. The
results indicated �20-fold losses of relative binding affinities by the
single-cleaved mAb5 compared with the intact version to the
various purified Fc�Rs. The displacement was particularly striking
in regard to Fc�RIIIa, the receptor on natural killer cells associated
with ADCC (48, 49) (Fig. 5D). The high affinity binding to Fc�RI,
and to the lower affinity interactions with Fc�RIIa and Fc�RIIb,

were also diminished compared with intact IgG. Parallel experi-
ments using MMP-3 generated derivatives of mAb4 and mAb6
yielded similar results regarding Fc�R binding (results not shown).

The impaired interactions of single-cleaved IgGs with the Fc�
receptor family provide a mechanistic explanation for the in vitro
and in vivo loss-of-function observations. Molecular structural
studies had previously detailed a critical importance of the IgG1
lower hinge sequence from E233 to P238 for Fc�R binding (3–12).
Each of the proteases defined in the current study cleaved IgG1
within an overlapping domain from P232 through G236. The
resulting loss-of-function suggests that proteolytically induced dis-
ruptions of key structural or conformational parameters in the
lower hinge domain impair interactions with Fc� receptors. This
conjecture is consistent with a crystallographic analysis showing
that Fc�RIIIa engages Fc in an asymmetric fashion with simulta-
neous binding to both heavy chains at residues L234 to P238 (50).
The highly conserved lower hinge sequence for Fc�R binding
encompasses key sites of proteolytic susceptibility—a significant
challenge for any attempt to engineer protease-resistant mAbs with
retention of effector functions. A similar disruption of C1q binding
was suggested by the loss of complement activity in the single-
cleaved IgG.

In distinct contrast to the results with the Fc� receptors, there was
little if any loss of binding affinity of mAb5 single-cleaved IgG to
the FcRn receptor (Fig. 5E). FcRn engages IgGs at a different site
than Fc�Rs (18) and extends their circulating lifespans by recycling
IgGs through endothelial cells (14–16, 18). The retention of binding
of single-cleaved IgG to FcRn prompted an in vivo assessment.

Single-Cleaved IgG mAbs Circulate in Mice Similarly to Intact IgGs.
Two antibodies, mAb2 and mAb4, possessing no known binding
reactivity to murine antigens, were evaluated independently in
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mice. Previous reports demonstrated that human IgGs bound to
murine FcRn (51). Groups of mice (n � 3) received 2 mg/kg i.p.
doses of each intact IgG, single-cleaved IgG, or F(ab�)2 (the
proteolytic derivatives were generated with MMP-3). The results of
5-week comparisons of the serum concentrations of mAb2 and
mAb4 are shown in Fig. 6. All mAb derivatives demonstrated
maximum detectable levels at 1 h post-treatment. The F(ab�)2
fragments in each case disappeared rapidly from circulation. In
contrast, intact IgGs and their single-cleaved derivatives remained
detectable at 35 days. The results confirmed that intact human IgG
mAbs possessed prolonged circulation times consistent with an
FcRn-mediated mechanism and that their behavior was mirrored
by the respective single-cleaved derivatives. These in vivo results in
mice were in agreement with the observed binding to human FcRn
in vitro (Fig. 5E).

Although speculative, it seems likely that the most relevant in
vivo cleavages in terms of immune dysfunction would be to anti-
bodies already targeting cell surfaces as occurs in membrane
receptor shedding by cellular proteases (52). Solution-phase com-
petition can also be considered, and measurements of single-
cleaved IgG derivatives vs. intact counterparts were undertaken
using functional, cell-killing assays. As predicted from the equiva-
lence in binding to surface antigens (Fig. 3 B and D), competitive
interference was apparent. However, in accord with a previously
reported mAb/Fc receptor study (53), the amount of bound mAb

required to achieve cell lysis was well below the antigen saturation
point and introduced analytical complexities that point to a need for
more extensive study.

Taken together, this investigation points to a previously unrec-
ognized functional decoupling of the antigen binding activity of
human IgG1 and Fc�R-mediated effector actions that result from
a single proteolytic cleavage in the lower hinge. The findings were
replicated with multiple human IgG1 mAbs and with several human
and bacterial proteases. Evidence for IgG breakdown products,
including bands analogous to the single-cleaved IgGs produced in
vitro, was obtained in IgG preparations from SF and extracts of
human breast tumor tissue. Proteolytic cleavage also occurred with
mAbs bound to the cell surface, without disruption of binding to
target antigens, suggesting that an accumulation of bound, proteo-
lytically modified IgG might mask the target from subsequent
immune surveillance mediated by competent IgGs. The initiating
proteolytic event described here goes undetected in most conven-
tional localizations of IgGs in tissues or on cells, yet may be a key
in vivo breakdown pathway. The findings point to an unsuspected
mechanism by which pathogenic and invasive cells might combat
immune surveillance.

Materials and Methods
Monoclonal Antibodies. mAbs are designated similarly to a previous report (21)
as follows: mAb2 (anti-cytokine; human/murine chimeric IgG1); mAb3 (anti-
human CD41/CD61; human/murine chimeric IgG1); mAb4 (anti-human CD142;
CDR-grafted humanized IgG1); mAb5 (anti-human CD20; human/murine chi-
meric IgG1 from Genentech, Idec): mAb6 (anti-human Epcam; human/murine
chimeric IgG1); mAb7 (anti-human CD142; CDR-grafted humanized IgG4); GK1.5
(anti-murine CD4; rat IgG2b from Harlan Bioproducts).

Proteases and IgG Digestions. Human matrix metalloproteinases MMP-2,
MMP-3, MMP-7, MMP-9, MMP-12, and MMP-13, and GluV8 and IdeS were
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Fig. 5. Single cleavage adversely impacts IgG binding avidity to purified,
recombinant human Fc� receptors without similar effect on binding to FcRn. (A)
The binding of mAb5 IgG (blue), the single-cleaved (scIgG) version of mAb5 (red),
or the F(ab�)2 of mAb5 (black) to Fc�RI measured by competition AlphaScreen as
described in the Materials and Methods. (B) Binding of mAb5 and its derivatives
to Fc�RIIa. (C) Binding of mAb5 and its derivatives to Fc�RIIb. (D) Binding of mAb5
and its derivatives to Fc�RIIIa. (E) Binding of mAb5 and its derivatives to FcRn.
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obtained, expressed, or activated from recombinant proenzymes as previously
described (21). Further details for both purified in vitro digestions and cell bound
digestions can be found in the SI Text.

In Vivo Depletion Studies with Monoclonal Antibodies. Female, age-matched
C57/B6 mice were used for the CD4� T cell in vivo depletion study. Groups of five
mice were injected i.p. at a dose of 0.3 mg/animal with intact GK1.5 or single-
cleaved GK1.5 (generated with IdeS) or were untreated. Fours days after injec-
tion, spleens were harvested for flow cytometry analysis using anti-CD4 (RM4–4
that binds to a site distinct from GK1.5) (45), anti-CD8�, anti-CD3, and anti-B220
(all from Becton Dickinson).

An anti-platelet antibody (mAb3) and its single-cleaved derivative were ex-
amined in male beagle dogs for immune-mediated platelet clearance (mAb3
binds to the CD41/CD61 receptor on canine platelets). Three groups of five
animals received either intact mAb3 IgG (0.05 mg/kg), purified single-cleaved
mAb3 generated with IdeS (0.05 mg/kg), or saline, respectively. All test materials
were injected by a 20-min infusion in a total volume of 20 mL at Covance, and
platelet counts were quantified by automated cell counting (Quest Diagnostics ).
Statistics for both in vivo depletion studies were performed using Student’s t test,
and calculated P values of �0.05 were considered significant.

ADCC and CDC Assays. ADCCassayswereperformedaspreviouslydescribedusing
PBMCs purified from human blood and used as effector cells. MDA-MB-231

human breast carcinoma cells (ATCC) were used as target cells with a ratio of one
target cell to 50 effector cells (28). CDC assays were performed with WIL2-S cells
(ATCC) as previously described (28). Data for ADCC and CDC were fit to a
sigmoidal dose-response model using GraphPad Prism v5.

AlphaScreen Competition Binding Assays. AlphaScreen (PerkinElmer) competi-
tion binding assays were adapted from previously reported conditions (47) (see SI
Text).

Pharmacokinetic Studies. PK studies were performed in BALB/c mice using intact
IgGs, single-cleaved IgG, and F(ab�)2 fragments over the course of 35 days to
monitor their circulating life-time (see SI Text).

Detection of IgG in Synovial Fluid from Rheumatoid Arthritis Patients and
Human Breast Tumor Extracts. IgG was protein A-purified from the synovial fluid
(SF) of patients with rheumatoid arthritis and human breast tumor extracts, and
denaturing SDS-PAGE was performed on the resultant IgGs (see SI Text).
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