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Background: Proteases can cleave human IgG1 antibodies, resulting in loss of cell-killing functions.
Results:Mutation of the lower hinge of IgG1 confers protease resistance but disrupts Fc effector functions.
Conclusion: Compensating mutations in the CH2 domain can selectively restore Fc effector functions on a protease-resistant
backbone.
Significance: Protease-resistant antibodies may be desirable for microenvironments with high protease content and/or when
selected cell-killing functions are needed.

Molecularly engineered antibodieswith fit-for-purpose prop-
erties will differentiate next generation antibody therapeutics
from traditional IgG1 scaffolds. One requirement for engineer-
ing the most appropriate properties for a particular therapeutic
area is an understanding of the intricacies of the targetmicroen-
vironment in which the antibody is expected to function. Our
group and others have demonstrated that proteases secreted by
invasive tumors andpathologicalmicroorganisms are capable of
cleaving human IgG1, the most commonly adopted isotype
among monoclonal antibody therapeutics. Specific cleavage in
the lower hinge of IgG1 results in a loss of Fc-mediated cell-
killing functions without a concomitant loss of antigen binding
capability or circulating antibody half-life. Proteolytic cleavage
in the hinge region by tumor-associated or microbial proteases
is postulated as ameans of evading host immune responses, and
antibodies engineeredwith potent cell-killing functions that are
also resistant tohingeproteolysis are of interest.Mutationof the
lower hinge region of an IgG1 resulted in protease resistance but
also resulted in a profound loss of Fc-mediated cell-killing func-
tions. In the present study, we demonstrate that specific muta-
tions of the CH2 domain in conjunction with lower hinge muta-
tions can restore and sometimes enhance cell-killing functions
while still retaining protease resistance. By identifying muta-
tions that can restore either complement- or Fc� receptor-me-
diated functions on aprotease-resistant scaffold,wewere able to
generate a novel protease-resistant platform with selective cell-
killing functionality.

Themechanismof action for several therapeuticmonoclonal
antibodies (mAbs) is thought to be due in part to Fc-mediated
effector functions (1, 2). The most common human immuno-
globulin isotype used for therapeutic intervention is IgG1 (3),
which contains two Fab arms linked to a single Fc domain by a
flexible hinge region. The Fc domain of IgG1 can bind to Fc�Rs2
expressed on immune effector cells and mediate target cell
destruction by cellular means, including antibody-dependent
cellular cytotoxicity (ADCC) and/or antibody-dependent cellu-
lar phagocytosis (ADCP) (4). Antigen-engaged mAbs can also
recruit serum components of the immune system and mediate
target cell destruction by initiating the complement cascade
(5–7). The interactions of both immune cell Fc�Rs and the C1q
component of complement require key amino acid recognition
motifs in the lower hinge and proximal CH2 region of human
IgG (2, 8–21). Our group and others have shown that the
human IgG1 subclass is susceptible to limited proteolysis in the
hinge region by a number of physiologically relevant proteases
associatedwithmicrobial infections (e.g.GluV8 of Staphylococ-
cus aureus and IdeS of Streptococcus pyogenes) and invasive
cancers (e.g. the matrix metalloproteinases (MMPs)) (22–24).
Cleavage within the lower hinge of IgG1 occurs in a two-step
process where first one heavy chain is cleaved, resulting in a
singly cleaved intermediate (8, 22, 23, 25). Cleavage of the sec-
ondheavy chain separates the Fc from the Fab arms, resulting in
an Fc fragment and an F(ab�)2 fragment. Previous studies have
indicated that the singly cleaved intermediate is the dominant
cleavage product generated on the cell surface (8) and that sin-
gle cleavage results in abrogated binding to Fc�Rs (8, 26) and a
loss of complement-dependent cytotoxicity (CDC) (8). Accord-
ingly, the singly cleaved intermediate displays a profound loss
of function in terms of cell killing both in vitro and in vivo (8,* M. Kinder, A. R. Greenplate, K. D. Grugan, K. L. Soring, K. A. Heeringa, S. G.
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26). However, the singly cleaved intermediate retains antigen
binding capabilities aswell as the long circulating half-life of the
intact IgG1 counterpart (8). For these reasons, our group and
others have hypothesized that antibody cleavage by tumor-as-
sociated and microbial proteases can potentially function as an
immune evasion mechanism (for reviews, see Refs. 27 and 28).
Previously, we have shown that the human IgG2 subclass is

resistant to cleavage by a number of physiologically relevant
proteases, including MMP-3, MMP-7, MMP-12, and MMP-13
as well as GluV8 (29). Sequence alignments comparing the
lower hinge of IgG1 and IgG2 suggested that the resistance to
cleavage may be due to amino acid differences between IgG1
and IgG2 (29). However, the IgG2 subclass has very weak bind-
ing to Fc�RIIIa (30) and thus low to undetectable ADCC capac-
ity. The IgG2 subclass also has greatly reduced CDC activity
compared with IgG1 (31). Several groups have exchanged the
lower hinge/proximal CH2 of IgG1 and IgG2 (18, 32) and char-
acterized the loss of function associated with this domain
exchange. Armour et al. (32) demonstrated that introduction of
the lower hinge/proximal CH2 of IgG2 into IgG1 resulted in a
profound loss of function and proposed that these substitutions
could serve as a silent Fc platform. Shields et al. (18) introduced
the lower hinge/proximal CH2 of IgG2 into IgG1 and showed a
greater than 20-fold loss of binding to Fc�Rs. Therefore, addi-
tional efforts would be required to generate protease-resistant
variants containing an IgG2 lower hinge/proximal CH2 region
that retain Fc-dependent cell-killing functions.
Antibody engineering has long been recognized as ameans to

improve mAb-based therapies (2, 33), particularly with regard
to antibodies that target tumor antigens (4, 34). Efforts to engi-
neer anti-tumor mAbs in the Fc domain are often directed
toward increasing the cell killing capacity of the mAb by aug-
menting binding to Fc�Rs (18, 35–37) or theC1q component of
complement (5, 6). One common method to augment cell-kill-
ing functions is to mutate amino acids in the CH2 region and
screen for variants with increased binding toC1q or Fc�Rs (5, 6,
18, 35, 36). A number of published reports have also docu-
mented efforts to engineer the hinge region to improve effector
function or increase antibody stability (38, 39). In this study, we
demonstrate that mutation of the lower hinge of IgG1 confers
protease resistance but also results in the loss of Fc-mediated
cell-killing functions. We show that specific mutations incor-
porated into the CH2 region of engineered mAbs with a pro-
tease-resistant lower hinge cannot only restore functional
activities to IgG1 but in some cases substantially enhance Fc
effector functions. Furthermore, we show that cleaved IgGs are
detected within the tumor microenvironment of human head
and neck squamous cell carcinoma, highlighting the need for a
protease-resistant platform for diseases characterized by the
presence of IgG-cleaving proteases.

EXPERIMENTAL PROCEDURES

Antibodies—The V-region cDNA sequences of the anti-
CD20 variants were the same as those used in rituximab (VL
GenBankTM accession number AR015962 and VH GenBank
accession number AR000013), and the heavy and light chains
were engineered onto IgG subclasses and variants bymolecular
cloning. Transient transfection and expression in 293T and/or

CHOcells were performedwith standard procedures at Janssen
Research and Development, LLC. mAbs were purified using
proteinA columns and underwent in-house quality controls for
�95% purity prior to further experimental analyses. The com-
plementarity-determining region sequences of the humanized,
complementarity-determining region-grafted anti-CD142
mAb were derived from the murine anti-human CD142 mAb
TF8-5G9, which originated at the Scripps Research Institute
and has been described previously (40, 41).
Protease Digestions—Protease digestions were performed at

pH 7.5 at 37 °C for 24 h in PBS for Ides and GluV8 or in Tris-
buffered saline with 5 mM CaCl2 for the MMP reactions. Anti-
CD142 antibodies were used at a concentration of 0.5 mg/ml,
and protease concentrations of 10% molar ratio for MMP-3
(Janssen Research and Development, LLC) andMMP-12 (Enzo
Life Sciences), 20%molar ratio forGluV8 (Biocentrum), and 1%
(w/w) for IdeS (Genovis) were used. Kinetic digests were per-
formed with a 10%molar ratio forMMP-3 and 0.1% (w/w) IdeS
and were quenched at the indicated time points using a final
concentration of 10 mM EDTA for the MMP-3 digest and 10
mM iodoacetamide for the IdeS digest. The percentage of intact
IgG remaining was calculated as done previously (29).
Immunohistochemistry—All immunohistochemistry was per-

formed by QualTek Molecular Laboratories (Newtown, PA).
Four-micrometer sections were dewaxed through four changes
of xylene (5 min each) followed by a graded alcohol series to
distilled water. Steam heat-induced epitope recovery was used
for 20 min in the capillary gap in the upper chamber of a Black
andDecker steamer. Sectionswere incubatedwith primary rab-
bit polyclonal anti-hinge detection antibodies (125 ng/ml)
directed against three cleavage sites in the hinge that were
described previously (23). An anti-rabbit biotinylated second-
ary antibody was applied followed by avidin-biotin complex-
HRP. Secondary antibodies were detected with 3,3�-diamino-
benzidine chromogen. Positive staining was indicated by the
presence of a brown chromogen reaction product. Sections
were counterstained with hematoxylin for 1 min. Slides were
analyzed under a microscope using a 40� objective.
ADCC—TheADCC assays were performed as described pre-

viously with several modifications (42). ADCC assays were per-
formed with increasing anti-CD20 IgG1 antibody variant con-
centrations. Briefly, human PBMCs purified from leukopaks
were used as effector cells, and WIL2-S cells were used as tar-
gets in a 50:1 ratio. The WIL2-S cells were labeled with 2,2�:
6�,2�-terpyridine-6,6�-dicarboxylate reagent (PerkinElmer Life
Sciences) for 30 min, washed twice, and resuspended in RPMI
1640medium supplemented with GlutaMAX, 10% heat-inacti-
vated FBS, 0.1 mM nonessential amino acids, and 1 mM sodium
pyruvate (Invitrogen). 0.5 � 106 PBMCs, 1 � 104 labeled
WIL2-S, and antibody at the indicated concentration were
combined in 200 �l total in U-shaped 96-well plates, centri-
fuged for 2min at 200� g, and incubated at 37 °C for 2 h. At the
end of the assay, plates were centrifuged again at 200 � g for 5
min, and 20 �l of supernatant were mixed with 200 �l of
DELPHIA europium-based reagent. The fluorescence signal
was measured using an Envision 2101 Multilabel Reader
(PerkinElmer Life Sciences). The percentage of lysis was calcu-
lated as (Experimental release � Spontaneous release)/(Maxi-
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mal release� Spontaneous release)� 100.Datawere log-trans-
formed and fit to a sigmoidal dose-response curve using
GraphPad Prism v5.
CDC—CDC assays were performed as described previously

(8) withWIL2-S cells as the target. A total of 50�l of 0.05� 106
cells was added to thewells of 96-well U-bottomplates in RPMI
1640 medium, 10% heat-inactivated FBS, 0.1 mM nonessential
amino acids, and 1mM sodium pyruvate. An additional 50 �l of
medium was added with and without mAbs, and plates were
incubated at room temperature for 1 h. After incubation, a total
of 50 �l of a 10% rabbit complement (Invitrogen) solution was
added, and plates were incubated at 37 °C for 20 min. Plates
were centrifuged again at 200 � g for 5 min, and 50 �l of super-
natant were mixed with 50 �l of the lactate dehydrogenase
cytotoxicity detection kit (Roche Applied Science). Plates were
incubated for 15 min at room temperature and then analyzed
on a SpectraMax M5 (Molecular Devices, Sunnyvale, CA) at
490 nm. Data were normalized to maximal cytotoxicity with
Triton X-100 (Sigma) and minimal control containing only
cells and complement in the absence of mAb. Data were log-
transformed and fit to a sigmoidal dose-response model using
GraphPad Prism v5.
Twenty-four-hour ADCP—Human PBMCs were isolated

from leukopaks (Biologics Specialty) using Ficoll gradient cen-
trifugation. CD14pos monocytes were purified from PBMCs by
negative depletion using a CD14 isolation kit that did not
deplete CD16pos monocytes (StemCell Technologies). Purified
monocytes were plated at 0.1 � 106 cells/cm2 in X-VIVO-10
medium (Lonza) containing 10% FBS. Macrophages were dif-
ferentiated frommonocytes by the addition of 25 ng/mlmacro-
phage colony-stimulating factor (R&D Systems) for 7 days.
IFN� (50 ng/ml; R&D Systems) was added for the final 24 h of
differentiation. The target cells for the assaywereGFP-express-
ing MDA-MB-231 cells (40). Isolated macrophages were incu-
bated in a 37 °C incubator with GFP-expressingMDA-MB-231
cells at a ratio of four macrophages (0.1 � 106 cells/well) to one
MDA-MB-231 cell (25,000 cells/well) for 24 h with wild-type
anti-CD142 or protease-resistant variants of anti-CD142 in
96-well U-bottomplates. The final volume ofmedium (DMEM�
10%FBS) used for the assaywas 200�l. At the end of 24 h, plates
were centrifuged at 300 � g for 5 min, and the cells were
removed from the 96-well plates using Accutase (Sigma).
Macrophages were identified with anti-CD11b (clone ICRF44)
and anti-CD14 (cloneM5E2) antibodies (both from BD Biosci-
ences) coupled to Alexa Fluor 647 (Invitrogen), and then cells
were acquired on an LSRFortessa flow cytometer (BD Biosci-
ences). The datawere analyzed using FloJo software (Tree Star).
The percentage (%) of cell killing was determined bymeasuring
the reduction in GFP fluorescence resulting from its degrada-
tion in the lysosomes after internalization using the following
equation: Percentage of tumor cells killed � ((Percentage of
GFPpos, CD11bneg, CD14neg cells in no mAb control) � (Per-
centage of GFPpos, CD11bneg, CD14neg cells in the presence of
mAb))/(Percentage of GFPpos, CD11bneg, CD14neg cells in no
mAb control) � 100.
Cell Binding Assays—Target cells were plated at 0.2 � 106 in

100 �l of FACS staining buffer (BD Bioscience) with the indi-
cated antibody concentrations. Cells were incubated for 30min

at 4 °C, washed two times with PBS, and then incubated with
100 �l of a 1:10 dilution of anti-�-phycoerythrin (Biolegend) in
FACS buffer for 30 min at 4 °C. Cells were washed two times
and resuspended in PBS. Acquisition was performed on a
FACSCalibur (BD Biosciences), and analysis was performed
using FlowJo (TreeStar). Data were fitted to a sigmoidal dose-
response curve using GraphPad Prism v5.
ELISA for Antigen Binding—Nunc-ImmunoMaxiSorp plates

were coated overnight with 10 �g/ml streptavidin (Invitrogen)
at 4 °C. At room temperature, plates were blocked for 1 h with
3% BSA, PBS and then coated with biotinylated CD142 in 3%
BSA, PBS for an additional hour. Antibody variants were added
at the indicated concentration for 1 h. The plate was washed
three times with 0.15 MNaCl, 0.02% Tween 20 and then treated
with anti-�-HRP (Millipore) at a 1:5000 dilution for 1 h. Plates
were washed three times, 3,3�,5,5�-tetramethylbenzidine rea-
gent (Fitzgerald Industries International) was added for 5 min,
and the reactionwas stoppedwith 3MHCl. The absorbancewas
read at 450 nm. Data were log-transformed and fitted to a sig-
moidal dose-response curve using GraphPad Prism v5.
In Vitro Competition FcRn Binding Analysis—A competitive

binding assay was used to assess relative affinities of different
antibody samples to in-house recombinant human FcRn-His6
(transmembrane and cytoplasmic domains of FcRn were
replaced with a polyhistidine affinity tag). Ninety-six-well cop-
per-coated plates (Thermo Scientific) were used to capture
FcRn-His6 at 5 �g/ml in PBS after which plates were washed
with 0.15 M NaCl, 0.02% Tween 20, pH �5 and then incubated
with blocking reagent (0.05 MMES, 0.025%BSA, 0.001%Tween
20, pH 6.0, 10% ChemiBLOCKER (Millipore)). Plates were
washed as above, and then serial dilutions of competitor test
antibody in blocking reagent were added to the plate in the
presence of a fixed 1 �g/ml concentration of an indicator anti-
body (a biotinylated human IgG1monoclonal antibody). Plates
were incubated at room temperature for 1 h, washed three
times as above, and then incubated with a 1:10,000 dilution of
streptavidin-HRP (Jackson ImmunoResearch Laboratories) at
room temperature for 30 min. Plates were washed five times as
above, and bound streptavidin-HRP was detected by adding
3,3�,5,5�-tetramethylbenzidine peroxidase substrate with Sta-
ble Stop (Fitzgerald Industries International) and incubating
for 4 min. Color development was stopped by addition of 0.5 M

HCl. Optical densities were determined with a SpectraMax
Plus384 plate reader (Molecular Devices) at 450-nm wave-
length. Data were fitted to a sigmoidal dose-response curve
using GraphPad Prism v5.
B Cell Depletion in Cynomolgus Monkeys—The B cell deple-

tion studies were performed by Huntingdon Life Sciences (East
Millstone, NJ). Four cynomolgus monkeys per group were
injected with saline or rituximab variants at 1 mg/kg. At the
indicated time points, blood was collected and analyzed by flow
cytometry. Cell eventswithin a lymphocyte scatter were further
subdivided into T lymphocytes (CD3pos, CD20neg), natural
killer lymphocytes (CD3neg, CD159apos), or B lymphocytes
(CD3neg, CD19pos). Antibodies to CD3 (SP34), CD20 (2H7),
CD16 (3G8), and CD40 (5C3) and corresponding isotype con-
trol antibodies were purchased from BD Biosciences. Antibod-
ies toCD159a (Z199), CD14 (RMO52), andCD19 (J3-119) were
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purchased from Beckman Coulter. Individual antibodies or
appropriate antibody mixtures were added to 12 � 75-mm
FACS tubes. Blood samples were mixed before use (e.g. gentle
inversion or rolling). Fifty microliters of blood and 50 �l of
heat-inactivated FBS (Sigma) were added to each of the tubes.
Sample tubeswere briefly vortexed after all additions, protected
from light, and incubated at ambient temperature for a mini-
mum of 10 min. Red blood cells were then lysed, and samples
were fixed using the TQ Prep WorkstationTM (Coulter). Sam-
ples were stored at 2–8 °C protected from light until analysis.
All sample acquisition took place on an FC500 flow cytometer
(Coulter). FlowCount beads (Coulter) were utilized to deter-
mine cell concentrations. Data analysis was performed using
FCS Express (v3.0).

RESULTS

Detection ofCleaved IgGs inHumanSquamousCellCarcinoma—
Based on the observation that a number of physiologically rel-
evant proteases associated with invasive cancers can cleave
human IgGs in vitro, we assessed the presence of cleaved IgGs
in human tumor tissue. We had previously generated anti-
hinge antibodies that bind to cleaved IgGs but do not react with
the intact IgG counterpart (8, 23). The anti-hinge antibodies
were used for immunohistochemical detection of cleaved IgGs
in human head and neck squamous cell carcinoma (HNSCC).
As shown in Fig. 1A (left panel), cleaved IgGs were detected in
HNSCC with an enrichment of detection at the tumor/stromal
interface. To demonstrate that the staining was specific for
cleaved IgGs, we added a pool of hinge-cleaved F(ab�)2 frag-
ments (generated with MMP-3, GluV8, and IdeS) to block the
antigen-binding arm of the anti-hinge antibodies (Fig. 1A, right
panel). Inclusion of pooled F(ab�)2 fragments effectively
blocked detection of cleaved IgGs, confirming the specificity of
the detection reagent. Positive staining for cleaved IgGs was
observed in 19 of 51 (37%) individual HNSCC cases (Fig. 1B). It
was not unexpected that cleavage was not seen in all of the
sections due to the heterogeneity of human tumor samples (e.g.
total levels of EGF receptor vary widely in human tumor sam-
ples and are not uniformamong different individuals (43)). This
finding indicated that human IgGs were subject to proteolytic
cleavage in the lower hinge region within the tumor microen-
vironment, especially at the expanding edge of the tumorwhere
protease expression is known to be heightened (44).
Mutation of the Lower Hinge of IgG1 Confers Protease

Resistance—We next sought to determine whether we could
mutate the lower hinge/proximal CH2 region of human IgG1 to
confer protease resistance. Initially, three variants were gener-
ated for this purpose. The first variant contained the IgG1 to
IgG2 domain exchange E233P/L234V/L235A with Gly236

deleted (EU numbering (45)); this substitution was designated
2h. To compensate for the loss of function associated with such
a domain swap (18, 32), additional variants were generatedwith
select mutations in the CH2 region. The variant 2h-DE con-
tained the IgG2 lower hinge and the CH2 mutations S239D/
I332E, which were previously shown to enhance Fc�R binding
to IgG1 (35) (supplemental Fig. S1). The variant 2h-AA con-
tained the IgG2 lower hinge and the CH2 mutations K326A/

E333A, which were previously shown to enhance IgG1 CDC
activity (5) (supplemental Fig. S1).
To assess protease susceptibility of the newly generated vari-

ants, mAbs were incubated with proteases capable of cleaving
human IgG1 (29). Similar to previous studies, IgG1 was cleaved
by MMP-3, MMP-12, GluV8, and IdeS to varying degrees after
a 24-h incubation (Fig. 2,A andB). IgG2, 2h, 2h-DE, and 2h-AA
were all resistant to cleavage by MMP-3 and MMP-12. The
variant 2h-DE was uniquely resistant to the Group A strepto-
coccal protease IdeS but had increased susceptibility to S.
aureus protease GluV8 compared with IgG2, 2h, and 2h-AA.
These results indicated that lower hinge mutations augmented
protease resistance and that incorporation of mutations into
the CH2 influenced protease resistance as well.
Select Protease-resistant Variants Have Restored CDC or

Enhanced ADCC—We probed the ability of the protease-resis-
tant variants to mediate Fc-dependent immune effector func-
tions using cell-based assays. For CDC activity, we opsonized
WIL2-S lymphoma cells with anti-CD20 antibody variants con-
taining the V-region of rituximab. IgG1mediated CDC activity,
whereas the IgG2 did not, and as expected, the 2h mutation
resulted in a loss of CDC activity (Fig. 3, left). However, the
K326A/E333A mutations (variant 2h-AA) were able to restore
CDC activity albeit at a reduced level relative to IgG1. The
incorporation of the S239D/I332E mutations (variant 2h-DE)
did not restore CDC activity.
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ADCC was assessed with anti-CD20 variants using periph-
eral blood mononuclear effector cells allotyped to be heterozy-
gous for the Fc�RIIIa 158V/F polymorphism andWIL2-S target
cells. IgG1mediatedADCCactivity, whereas IgG2 and the vari-
ants 2h and 2h-AAdid not (Fig. 3, right). The 2h-DE variant had
enhanced ADCC activity with an �11-fold average increase in
potency as comparedwith IgG1 (supplemental Table S1). Thus,
this engineering strategy resulted in a novel methodology to

select for specific cell-killing functions that are at times
enhanced.
Protease-resistant Variants That Elicit Both CDC and

Enhanced ADCC—To develop a protease-resistant platform
that couldmediate Fc effector functionsmore broadly (i.e. both
ADCC and CDC), we combined the CDC-restoring K326A/
E333A mutations with either of the ADCC-restoring muta-
tions, S239D or I332E, resulting in variants that were desig-
nated 2h S239D/K326A/E333A (2h-DAA) or 2h K326A/I332E/
E333A (2h-AEA). Twenty-four-hour proteolytic digests confirmed
that both 2h-DAA and 2h-AEA maintained protease resistance to
MMP-3, MMP-12, and GluV8 compared with IgG1 (Fig. 4A).
The 2h-AEA variant showed greater protease resistance to IdeS
compared with IgG1 and 2h-DAA, suggesting that the I332E
mutation on the 2h backbone influenced protease resistance to
IdeS.
We next assessed IgG proteolysis in kinetic digest assays

comparing IgG1 with the protease-resistant variants 2h-DAA
and 2h-AEA. MMP-3 cleavage of IgG1 was detected within 15
min, and no intact IgG1 was detected at the 24-h time point,
whereas both 2h-DAA and 2h-AEA were resistant to MMP-3
cleavage throughout the 24-h assay (Fig. 4B). Because IdeS rap-
idly cleaves human IgG1 (8, 24), kinetic IdeS digests were per-
formed with shorter time points at an enzyme concentration of
0.1% (w/w). Approximately 60% intact IgG1 was detected after
1 min, and complete loss of intact IgG occurred by 30 min. In
contrast, the variant 2h-AEA maintained nearly complete
resistance to IdeS throughout the assay. The 2h-DAA variant
displayed some loss of intact IgG after 2 h with �90% intact
mAb remaining (Fig. 4C). These results confirmed that the
combination of lower hingemutations with I332E imparted the
greatest level of resistance to IdeS.
Next, we characterized the Fc effector functions of the all the

protease-resistant variants. The protease-resistant variants
2h-DAAand 2h-AEAdisplayedCDCactivity at potencies com-
parable with the 2h-AA variant (Fig. 5A and supplemental
Table S1). Either the S239D or the I332E mutation alone was
capable of restoring ADCC activity to the 2h backbone with
each variant demonstrating higher potency than IgG1 although
to levels lesser than the 2h-DE variant (Fig. 5B and supplemen-
tal Table S1). The ADCC activities for both the 2h-DAA and
2h-AEA variants were�4-fold higher than IgG1with heterozy-
gous Fc�RIIIa 158V/F PBMC donors. Human PBMC donors
that were homozygous for the high affinity Fc�RIIIa 158V/V
polymorphism displayed similar relative differences in ADCC
enhancements between the different Fc variants (Fig. 5C).
ADCCwas further enhanced by the protease-resistant variants
compared with IgG1 when human PBMC donors that were
homozygous for the low affinity Fc�RIIIa 158F/F polymorphism
were used as effector cells (Fig. 5D). The 2h-DE variant dis-
played an �30-fold average increase in potency compared with
IgG1, whereas the 2h-DAA and 2h-AEA variants displayed
average increases of �23- and �10-fold, respectively, among
the two different donors tested. Therefore, three protease-re-
sistant variants demonstrated increased ADCC potency com-
pared with IgG1, and the increased potency was most appar-
ent using low affinity Fc�RIIIa 158F/F polymorphism PBMC
donors.
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Antibody-dependent Macrophage Killing of Human Tumor
Cell Lines—We recently demonstrated that tumor-associated
macrophages display potent antitumor activity in the presence
of an anti-tumor mAb (40). Therefore, we wanted to assess the
function of the protease-resistant variants against mAb-op-
sonized tumor cells usingmacrophage effector cells. Fc-depen-
dent effector functions of macrophages against mAb-op-
sonized tumor cells are often assessed by ADCP. This is
typically accomplished by co-incubating macrophages with
mAb-opsonized tumor cells and assessing internalization of the
tumor cells within macrophages over a time frame typically no
longer than 4 h (40, 46–48). Our group previously developed a
flow cytometry and microscopy-based ADCP assay where the
target tumor cells (MDA-MB-231) expressed GFP to obviate
the need to label the tumor cells with a dye (29, 46). Macro-
phage internalization of MDA-MB-231 cells opsonized with a
tumor targeting anti-CD142 mAb was assessed by either flow
cytometry or fluorescence microscopy (29, 40). We had previ-
ously noted that theGFP fluorescence withinmacrophages was
punctate, whereas the GFP fluorescence of non-internalized
tumor cells was uniform (29, 40). Because the process of ADCP
results in internalization and the subsequent lysosomal
destruction of the tumor cell (4) and GFP fluorescence is
dependent on the structural integrity of the GFP protein, we
hypothesized that the punctate GFP signal was due to break-
down of the tumor target cell within the macrophage. To test
the ability of macrophages to kill anti-CD142 mAb-opsonized,
GFP-expressingMDA-MB-231 tumor cells, we extended a tra-

ditional ADCP assay to 24 h. In this assay, we could observe
complete destruction of the tumor cell both by flow cytometry
and immunofluorescence. This was accomplished by incubat-
ing effector macrophages in the presence of anti-CD142-op-
sonized, GFP-expressingMDA-MB-231 target cells and assess-
ing the loss of GFP detection after 24 h (Fig. 6, A and B). The
variants 2h-DE, 2h-DAA, and 2h-AEA displayed tumor cell
killing comparablewith IgG1. The tumor cell killing of the IgG2
was slightly reduced, whereas the variants 2h and 2h-AA had
the lowest level of tumor cell killing (Fig. 6C). These results
demonstrated that the variants with ADCC-restoring muta-
tions were capable of killing MDA-MB-231 tumor cells in the
24-h ADCP assay.
Protease-resistant Variant Fab Arm Function, FcRn Binding,

and Biophysical Property Assessment—To test that the prote-
ase-resistant mutations did not affect Fab arm function, we
assessed the ability of the variants to bind to antigen in both
plate-based and cell-based assays. The results indicated that
variants engineered onto two different V-regions bound iden-
tically to their respective targets (Fig. 7, A and B). We next
assessed the ability of the variants to bind to the neonatal Fc
receptor, FcRn, which is thought to contribute to the long cir-
culating half-life of IgGs. Fc binding to FcRn occurs proximal to
the junction of the CH2 and CH3 regions (49), a region that is
distal from themutations present in all of the protease-resistant
variants. All of the variants displayed FcRn binding comparable
with IgG1 (Fig. 7C). These results demonstrate that the pro-
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tease-resistant mutations do not affect the ability of the mAbs
to engage either antigen or FcRn.
We next assessed several biophysical properties of select

variants (IgG1, IgG2, 2h-DE, 2h-DAA, and 2h-AEA). Cross-
interaction chromatographywas used to assess protein-protein
interactions, and the results indicated that all of the assessed
variants displayed minimal protein-protein interactions (data
not shown). Differential scanning calorimetry was performed
to assess the thermal stability of the variants (supplemental
Table S2). The results indicated varying degrees of thermal sta-
bility in the CH2 region with variants containing the I332E
mutation having the lowest Tm (55.6 °C for 2h-DE and 60.7 °C
for 2h-AEA). Of the variants tested, 2h-DAA decreased �7 °C
compared with IgG1 (64.9 and 72.0 °C, respectively). Finally,
the expression titers for each of the variants were comparable
with the parent IgG1 mAb (data not shown).
Protease-resistant VariantsMediate B Cell Depletion in Cyn-

omolgus Monkeys—Because of sequence differences between
mouse and human Fc�Rs, the in vivo function of mAbs engi-
neered for binding to human Fc�Rs are often assessed in non-
human primates (35, 50, 51) whose Fc�Rs are more homolo-
gous to the human counterparts. Because many anti-human
CD20 mAbs are cross-reactive with cynomolgus CD20
expressed on B cells, the cytotoxic potential of engineered anti-
CD20 variants is often assessed in cynomolgus monkey B cell
depletion studies (52). A previous B cell depletion study in cyn-
omolgus monkeys using an Fc silent anti-CD20 variant did not

result in depletion of B cells in vivo (53), further supporting that
this model is appropriate for the assessment of Fc-dependent
effector functions of anti-CD20mAbs. An anti-CD20mAbwas
not used for B cell detection because murine-derived anti-
CD20 mAbs, including rituximab, a murine/human chimeric
antibody, often bind to a common epitope on the large extra-
cellular loop of CD20 and can either fully or partially mask
CD20 (54). Therefore, we used an anti-CD19 antibody (clone
J3-119) to detect cynomolgus monkey B cells. A single dose
intravenous injection of a 1.0 mg/kg concentration of anti-
CD20 IgG1 or the variants 2h-DE or 2h-DAA resulted in nearly
complete loss of detection of B cells by the 6-h time point (Fig.
8 and supplemental Table S3). Depletionwas sustained through
day 7 of the study with B cell recovery starting at day 14 of the
study. These results indicated that the protease-resistant vari-
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ants 2h-DE and 2h-DAAwere capable of depleting cynomolgus
monkey B cells in vivo comparably with IgG1 at the 1.0 mg/kg
dose.

DISCUSSION

Both tumors and pathologic microorganisms use multiple
mechanisms to invade host tissues and evade immune
responses. In the case of tumors, proteases can promote inva-
sion, receptor shedding, and breakdown of the basementmem-

brane (55). Because of high interstitial tumor pressure, antibod-
ies often concentrate in the perivascular regions (56) and at the
invasive front of the tumor, presumably in close proximity to
proteases (44). In this study, we detected cleaved IgG in the
tumormicroenvironment with an enrichment of cleaved IgG at
the invasive front of HNSCC tumors. Fan et al. (26) recently
detected cleaved trastuzumab in human breast cancer tumor
tissue, demonstrating that mAb proteolysis also occurs in vivo.
Although the quantitative extent of cleavage remains to be
determined, these observations coupled with the profound loss
of function associated with IgG cleavage (8, 26, 27) suggest that
proteolytic disablement of anti-tumor antibodies within
human tumors could impair the ability of IgGs to facilitate
tumor cell killing. This would be particularly problematic for
the sustained efficacy of tumor-targeting mAbs (8, 26, 27).
Given that many anti-tumor mAbs have very high affinities for
their respective tumor antigens and that several groups have
argued that high affinities restrict mAb localization within the
tumor microenvironment (56), the accumulation of cleaved
IgGs bound to tumor cells could both abrogate cell-killing func-
tions and mask the tumor antigen from Fc functional mAbs. It
has been well documented that HNSCC tumors can become
resistant to anti-EGF receptormAb therapy (57), and these data
suggest that mAb proteolysis could also be a contributing
mechanism of resistance. Therefore, we believe that the gener-
ation of a protease-resistant antibody platform could provide
significant improvements to current IgG-based cytotoxic
therapeutics.
A key challenge faced in the generation of a protease-resis-

tant platformwas associated with the observation that cleavage
by physiologically relevant proteases mapped to the lower
hinge/proximal CH2 region spanning amino acids Pro232–
Gly237 (27), a region otherwise considered critical for human
IgG interactions with both complement and Fc�Rs (8–21).We
had previously demonstrated that the lower hinge of IgG2 was
resistant to many proteases (29); however, numerous studies
have documented that exchanging the lower hinge/proximal
CH2 of IgG1 with corresponding amino acids in IgG2 resulted
in a profound decrease in binding to Fc�Rs (16, 18, 32). In this
study, we demonstrate that discrete mutations in the CH2
region can compensate for the loss of function associated with
mutating the lower hinge of IgG1, challenging the long-stand-
ing observation that the lower hinge sequence is critical for
initiating the complement cascade and facilitating potent
ADCC relative to an IgG1. Furthermore, by identifying which
mutations were capable of restoring either ADCC activity or
CDC activity, we were capable of generating combinatorial
variants with both ADCC and CDC capacity while still main-
taining protease resistance. Others have demonstrated that
mutations in either the CH2 or CH3 regions can restore effector
functions to Fc modifications typically associated with a loss of
function, particularly with regard to removal of the Fc glycan at
Asn297, a traditional Fc silencing approach (58). Wittrup and
co-workers (59) demonstrated that aglycosylated IgGs gener-
ated in yeast could selectively bind to Fc�Rs by introducing
compensating mutations proximal to the Asn-X-Ser/Thr
N-linked glycosylation motif. Georgiou and co-workers (60)
demonstrated that point mutations in the CH3 region could
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restore Fc�RI binding to aglycosylated IgGs expressed in Esch-
erichia coli, whereas binding to other Fc�Rs was limited.
Together, these studies not only demonstrate that point muta-
tions inCH2 and/orCH3 regions can compensate for traditional
silencing mutations, but restoring function to traditionally
silent Fc platforms introduces an extraordinary amount of flex-
ibility in terms of fine-tuning Fc-dependent effector functions.
The locations of the specific CH2 mutations used to restore

Fc effector function are shown in supplemental Fig. S1. The
Lys326 and Glu333 residues are solvent-exposed, and Idusogie et
al. (5) have previously demonstrated that mutation of these
residues canmodulateCDC function in both the IgG1 and IgG2
subclasses. The authors hypothesized that that these two posi-
tions may play a structural role in Fc-C1q interactions. Both of
the Ser239 and Ile332 residues are solvent-exposed, and muta-
tions at these positions can profoundly affect ADCC andADCP
(35). A crystal structure of an ADCC-enhanced human Fc frag-
ment was previously solved that contained the mutations
S239D/A330L/I332E (61). By modeling a complex of the
mutated Fc with human CD16, the authors suggested that
the enhancedADCCof themutated Fcmay be attributed to the
formation of additional hydrogen bonds, hydrophobic con-
tacts, and/or electrostatic interactions (61). Taken together,
these observations may provide some rationale for the restora-
tion of function seen with thesemutations; however, additional
studies would be needed to confirm these hypotheses.
The ability of IgG-cleaving proteases to subvert IgG effector

functions in vivo has been most clearly established with the S.
pyogenes protease IdeS. Björck and co-workers (24, 62, 63) have
demonstrated that IdeS is a highly potent protease with unique
specificity for all human IgG subclasses (24) that is also capable
of cleaving distinct IgG subclasses within other species (e.g.
IdeS cleaves rabbit IgG (62) andmurine IgG2a and IgG3 but not
murine IgG1 (63)). Intravenous administration of IdeS into rab-
bits resulted in the complete loss of detection of intact endog-
enous rabbit IgG within 6 h, demonstrating the extraordinary
catalytic activity of this protease (62). In the same study, IdeS
treatment of rabbits was capable of abrogating the ability of
polyclonal anti-platelet antibodies to clear platelets (62). In a
separate study, Nandakumar et al. (63) reported that IdeS treat-
ment of mice was capable of alleviating the joint inflammation
induced by collagen antibody-induced arthritis. Because of the
potency of IdeS in vivo, the authors of the aforementioned stud-
ies have proposed that IdeS could be used therapeutically to
ameliorate autoantibody-mediated pathology in autoimmune
disorders (64), highlighting the perhaps underappreciated abil-
ity of IgG-cleaving proteases to subvert host humoral immu-
nity. In this study, we describe variants that are resistant to IdeS
but were still capable of Fc-mediated effector functions. The
2h-DE and 2h-AEA variants in particular were highly resistant
to cleavage by IdeS. UnlikeMMPs, which can cleave short pep-
tides with recognition motifs as small as 6 amino acids (65),
IdeS does not cleave peptide analogues of the IgG hinge (25).
The smallest known substrate of IdeS is a papain-generated Fc
fragment. This led to speculation that IdeS recognizes an exo-
site in the Fc domain (25). The observation that the I332E
mutation in combination with the protease-resistant IgG2
lower hinge renders a human IgG resistant to IdeS cleavage

suggests that the IdeS exosite may reside in or near the Leu328-
Pro329-Ala330-Pro331-Ile332-Glu333 region deemed critical for
C1q and Fc�R binding (2). Furthermore, this study demon-
strates that, at least for proteases that utilize exosite binding
sites, mutations distal from the cleavage site can profoundly
influence proteolytic susceptibility.
Numerous investigations have now shown that human IgG2

is resistant to cleavage by several proteases comparedwith IgG1
(24, 27, 66–68). It is intriguing to note that during the course of
manymicrobial infections antibodies directed against bacterial
polysaccharide antigens are often of the IgG2 subclass (31).
Additionally, in some cases, patients bearing the higher
affinity Fc�RIIa polymorphism, His131, have improved clin-
ical responses to bacterial infections (69) and improved IgG2-
mediated phagocytosis of opsonized bacteria (70). These corre-
lations between higher affinity Fc�R-mAb interactions and
efficacy are also in line with the observation that in some cases
patients bearing higher affinity Fc receptor polymorphisms
have amore favorable clinical response to IgG1mAb-mediated
cancer therapies (71–73). For these reasons, one common goal
for Fc engineering efforts is to generate Fc variants that dem-
onstrate improved effector functions in patients bearing lower
affinity Fc�R polymorphisms (35, 74). In this study, we have
shown that several of the protease-resistant variants have sub-
stantially improved potency in ADCC assays when assessed
with Fc�RIIIa 158F/F PBMC donors compared with both IgG2
and IgG1 (Fig. 4D). Therefore, not only have we generated vari-
ants possessing the protease-resistant properties of human
IgG2 but several of these same variants display potent ADCC
and CDC effector functions, two qualities that are limited or
absent with IgG2 antibodies or the 2h variant.
These variants also provide a unique tool kit to determine the

contribution of specific mechanisms of action for any given
target. For instance, the influence of CDC activity on the effi-
cacy of rituximab is debatable. Some murine tumor xenograft
studies have demonstrated that depletion of complement by
cobra venom factor or the use of complement-deficient mice
decreases the effectiveness of B cell depletion by rituximab (75–
77). Meanwhile, other studies have shown that complement
may not be required for B cell depletion in vivo (78–80). In the
present study, a variant of rituximab with ADCC activity that
lacked detectable CDC activity (2h-DE) was able to deplete B
cells in the peripheral blood of cynomolgus monkeys similarly
to IgG1 WT rituximab. Therefore, at a 1 mg/kg dose, CDC
activity is not required for peripheral blood B cell depletion in
cynomolgus monkeys.
In summary, we have engineered variants that can selectively

restore either ADCC and/or CDC on a protease-resistant back-
bone, resulting in a versatile platform amenable to the fine-
tuning of specific Fc-mediated effector functions. Furthermore,
this study demonstrates that Fc�R- and C1q-binding motifs
localized in the lower hinge of IgG deemed critical for effector
function are in fact dispensable but only in the context of com-
pensating mutations engineered into the CH2 region. Because
many cancers and invasive microorganisms are associated with
proteases and Fc�R-dependent functions are often considered
a critical mechanism of action for mAbs against invasive dis-
eases, our protease-resistant, Fc-functional antibodies present
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a novel fit-for-purpose platform for particular diseasemicroen-
vironments. Additionally, the improved ADCC activity may be
useful for indications where IgG1WT is insufficient in eliciting
potent ADCC independent of protease expression. The utility
of protease-resistant mAbs as a therapeutic platform will be
further assessed for stability, pharmacodynamic properties
when targeting antigens in invasive diseases, immunogenicity,
and biodistribution. The results of this study suggest novel
directions for enhanced functionality for monoclonal antibod-
ies for cancer and infectious diseases.
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