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Abstract

The transferrin receptor 1 (TfR1) is involved in cellular iron uptake and regulation of cell
proliferation. The increased expression of TfR1 observed in malignant cells, compared to normal
cells, together with its extracellular accessibility, make this receptor an attractive target for
antibody-mediated cancer therapy. We have developed a mouse/human chimeric 1gG3 specific for
human TfR1 (ch128.1), which shows antitumor activity against certain malignant B cells in vitro
through TfR1 degradation and iron deprivation, and in vivo through a mechanism yet to be
defined. To further explore potential mechanisms of action of ch128.1, we examined its ability to
induce antibody-dependent cell-mediated cytotoxicity (ADCC) and complement-mediated
cytotoxicity (CDC). We now report that ch128.1 is capable of mediating ADCC and CDC against
malignant B cells, which is consistent with its ability to bind FcyRI, FcyRIlla, and the complement
component C1q. To delineate the residues involved in these effector functions, we developed a
panel of three constructs with mutations in the lower hinge region and C2 domain: 1) L234A/
L235A, 2) P331S, and 3) L234A/L235A/P331S. The triple mutant consistently displayed a
significant reduction in ADCC, while the L234A/L235A mutant exhibited less reduction in
ADCC, and the P331S mutant did not show reduced ADCC. However, all three mutants exhibited
impaired binding to FcyRI and FcyRI1la. These results suggest that all three residues contribute to
ADCC, although to different degrees. The P331S mutant showed drastically decreased C1q
binding and abolished CDC, confirming the critical role of this residue in complement activation,
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while the other residues play a less important role in CDC. Our study provides insights into the
effector functions of human 1gG3 in the context of an antibody targeting TfR1.
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1. Introduction

TfR1, also known as CD71, is a type Il transmembrane homodimeric protein involved in
cellular iron uptake and regulation of cell proliferation (Daniels et al., 2012a, 2006a,b). It is
constitutively internalized and transported back to the cell surface. Cellular uptake of iron
occurs through its interaction with Tf, which is internalized via receptor-mediated
endocytosis. This iron-Tf/TfR1 complex is delivered into endosomes, where the decrease in
pH facilitates the release of iron, which is then transported out of the endosomes into the
cytosol (Daniels et al., 2006a). Increased expression of TfR1 has been observed in a variety
of malignant cells compared to normal cells, and its expression correlates to tumor grade or
prognosis in certain malignancies (Daniels et al., 2006a). Together, the properties of TfR1
make it an attractive target for cancer therapy. One strategy of targeting the TfR1 for cancer
therapy is to antagonize its function using monoclonal antibodies to block iron uptake via
inhibiting the binding of Tf to its receptor, blocking TfR1 internalization, or inducing TfR1
degradation. All these mechanisms ultimately lead to cytotoxicity through iron starvation.
Another strategy exploits the TfR1-mediated endocytosis to deliver therapeutic agents into
the cytoplasm of malignant cells. This can be accomplished by conjugating the therapeutic
agent to Tf or to antibodies targeting the TfR1 (Daniels et al., 2006b, 2012a; Tortorella and
Karagiannis, 2014).

In order to target the TfR1 as a potential cancer therapy, we developed a mouse/human
chimeric 1gG3 specific for the human TfR1 (ch128.1), previously known as anti-hTfR 1gG3,
as well as a derivative that has avidin genetically fused to the carboxy-terminus of the heavy
chain (ch128.1Av), previously known as anti-hTfR 1gG3-Av, to serve as a universal vector
for delivery of biotinylated therapeutic agents into cancer cells (Ng et al., 2002, 2006;
Rodriguez et al., 2007). Neither ch128.1 nor ch128.1Av inhibits Tf binding to TfR1 and are
internalized through binding to TfR1. Importantly, both antibodies exhibit direct anti-
proliferative/pro-apoptotic activity against a variety of malignant hematopoietic cells,
including malignant B cells, in vitro through the induction of TfR1 degradation and
subsequent lethal iron deprivation (Ng et al., 2006; Ortiz-Sanchez et al., 2009; Rodriguez et
al., 2011). Interestingly, fusion of avidin to the antibody ch128.1 results in enhanced TfR1
degradation and cytotoxicity in vitro (Daniels et al., 2011; Ng et al., 2002, 2006; Rodriguez
etal., 2011). However, the levels of sensitivity to ch128.1 and ch128.1Av vary among cell
lines (Daniels et al., 2007, 2011; Ng et al., 2006; Ortiz-Sanchez et al., 2009). As originally
designed, ch128.1Av has been successfully used to deliver biotinylated toxin saporin, a
ribosome inactivating protein (Daniels et al., 2007; Daniels-Wells et al., 2013), and
lentivirus for gene therapy (Leoh et al., 2014; Morizono et al., 2009). Importantly,
significant anti-tumor protection against xenograft models of the human B-cell malignancy
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multiple myeloma in SCID-Beige mice was observed using ch128.1 or ch128.1Av alone
(Daniels et al., 2011).

Although ch128.1Av exhibits superior cytotoxic activity in vitro, ch128.1 confers stronger
anti-tumor protection in vivo, even against cell lines that showed low or no sensitivity to this
antibody in vitro (Daniels et al., 2011). This could be due to the lower bioavailability of the
avidin fusion protein, since avidin has been shown to accumulate in the liver and is rapidly
cleared from the circulation (Rosebrough and Hartley, 1996). The mechanism of the in vivo
protection conferred by ch128.1 and ch128.1Av remains undefined and may occur through
multiple non-exclusive pathways.

The in vivo protection against tumor growth mediated by ch128.1 could be due to iron
starvation resulting from TfR1 degradation, as previously observed in vitro (Ng et al., 2006),
an effect that might be enhanced in vivo, increasing the sensitivity of malignant cells to the
antibody. The antibody may also potentially interfere with receptor internalization through
the binding to TfR1 on cancer cells and FcyRs on the surface of immune cells in the tumor
microenvironment, which would also result in iron deprivation and cancer cell death.
Alternatively and non-exclusively, ch128.1 may induce cell death through eliciting antibody
Fc effector functions such as ADCC, ADCP, and CDC, as observed with other antibody
therapies (Bakema and van Egmond, 2014; Meyer et al., 2014; Nimmerjahn and Ravetch,
2007, 2008). ADCC can be mediated through activation of a variety of FcyR-bearing
effector cells such as NK cells, monocytes/macrophages, dendritic cells, and PMN such as
neutrophils (Clynes et al., 2000; Hernandez-Ilizaliturri et al., 2003; Hubert et al., 2011,
Pincetic et al., 2014; Schmitz et al., 2002), while complement activation is triggered via
binding of C1q, the recognition component of the initializing complex in the classical
complement cascade (Meyer et al., 2014). Importantly, ADCC has been described as a major
mechanism of action for tumor-targeting antibodies (Nimmerjahn and Ravetch, 2007).
Antibodies targeting malignant B cells, such as rituximab, are capable of inducing both
ADCC and CDC (Amoroso et al., 2011; Cardarelli et al., 2002; Rose et al., 2002). Since the
in vivo model we employed (SCID-Beige) lacks functional NK cells (Daniels et al., 2011),
the anti-tumor activity conferred by ch128.1 may be mediated, at least in part, by other
effector cells such as monocytes/macrophages.

The objective of the present study is to explore the ability of ch128.1 to mediate antibody
effector functions. We now report, for the first time, that ch128.1 is capable of eliciting
ADCC and CDC against malignant B cells. We also address the contributions of the amino
acid residues L234, L235, and P331 of the heavy chain of human 1gG3 in these antibody
effector functions in the context of TfR1 targeting in malignant B cells.

2. Materials and methods

2.1. Cell lines

The B-cell non-Hodgkin lymphoma cell line Ramos (human Burkitt lymphoma, American)
was obtained from American Type Culture Collection (Manassas, VA) and J774.2, a mouse
macrophage-like cell line, was a kind gift from Dr. Sherie L Morrison (University of
California, Los Angeles, CA). Both cells lines were grown in RPMI 1640 (Life
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Technologies, Inc., Carlsbad, CA) containing 10% heat-inactivated FBS (Atlanta
Biologicals, Atlanta, GA) and penicillin/streptomycin in 5% CO» at 37 °C. PBMC from
healthy volunteers were obtained from the UCLA Center for AIDS Research Virology Core
Laboratory.

2.2. Construction of ch128.1 mutants

ch128.1 contains the variable regions of the murine monoclonal anti-human TfR1 I1gG1
128.1 (Ng et al., 2006). Based on previous reports, mutations were designed to disrupt
binding to FcyRI and FcyRIlla (L234A/L235A), C1q (P331S), or all three (L234A/L235A/
P3315S), as depicted in Fig. 1 (Canfield and Morrison, 1991; Hezareh et al., 2001; Idusogie
et al., 2000; Oganesyan et al., 2008; Tao et al., 1993). These mutations were generated in the
v3 heavy chain expression vector by GenScript USA, Inc. (Piscataway, NJ). NSO/1 murine
myeloma cells were transfected with the human y3 heavy and human « light chain
expression vectors to express the ch128.1 mutants as previously reported for wild type
ch128.1 (Ng et al., 2006). Cells expressing the ch128.1 mutants and wild type ch128.1 were
grown in roller bottles and antibodies were purified from cell culture supernatants using
affinity chromatography as previously described (Helguera and Penichet, 2005; Leoh et al.,
2014; Ng et al., 2006). SDS-PAGE analysis under reducing and non-reducing conditions
was performed to confirm the molecular weight and assembly of the mutant antibodies.

2.3. Binding to TfR1, FcyRI, and FcyRllla (ELISA)

Immulon-H2B plates (Thermo Fisher Scientific, Inc., Waltham, MA) were coated with 1
ug/mL human soluble TfR1 (sCD71) in 50 mM carbonate/bicarbonate buffer, pH 9.3.
sCD71, the recombinant extracellular domain of TfR1, was expressed in BHK cells (kind
gift of Dr. Anne Mason, University of Vermont, Burlington, VVT) and purified as previously
described (Leoh et al., 2014). Plates were washed with PBS then blocked with 3% BSA in
PBS. Serial 2-fold dilutions of antibodies (100-6.25 ng/mL) were added to the plate and
incubated overnight at 4°C. Binding was detected with an AP-conjugated goat anti-human x
(Sigma—Aldrich, St. Louis, MO) and AP substrate, p-nitrophenyl phosphate disodium
(Sigma—Aldrich), dissolved in diethanolamine buffer (9.6% diethanolamine (v/v), 0.24 mM
MgCls in water, pH 9.8). Plates were read at absorbance 405 nm using a FilterMax F5
multi-mode microplate reader (Molecular Devices, Sunnyvale, CA). An anti-human
HER2/neu human IgG3/x (Huang and Morrison, 2006) was used as isotype (negative)
control. For FcyRI (high affinity receptor) binding assays, plates were coated with 1 pg/mL
recombinant human soluble FcyRI (sCD64) (R&D Systems, Inc., Minneapolis, MN). Serial
2-fold dilutions of antibodies (25-3.125 pg/mL) were added to the plate and incubated
overnight at 4°C. Binding was detected using an AP-conjugated goat F(ab"), anti-human IgG
F(ab), antibody (Jackson Immunoresearch Laboratories, Inc., West Grove, PA) as described
above. An anti-human HER2/neu human IgE/x (Daniels et al., 2012b) was used as negative
control.

Binding to low to medium affinity receptor FcyRIlla (CD16a) was assessed by incubating
antibodies with goat F(ab'"), anti-human x light chain (MP Biomedicals, Santa Ana, CA) in a
1:1 molar ratio overnight at 4°C to form stable complexes in order to increase binding
avidity as modified from previous reports (Hezareh et al., 2001; Lu et al., 2011). Plates were
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coated with 1 pg/mL recombinant human soluble FcyRIlla (sCD16a) (R&D Systems, Inc.).
Serial 2-fold dilutions of antibodies (25-3.125 ug/mL) were added to the plate and incubated
for 2 h at room temperature. Binding was detected using an AP-conjugated goat F(ab"), anti-
human IgG F(ab"), antibody as described above. An anti-human HER2/neu human IgE/x
(Daniels et al., 2012b) was used as negative control.

2.4. TfR1 and FcyRI binding (flow cytometry)

To examine TfR1 binding, Ramos cells (3 x 10°) were incubated with 10 ug/mL ch128.1 or
its mutants for 1 h on ice. TfR1 binding was detected using a PE-conjugated goat F(ab')»
anti-human x antibody (Thermo Fisher Scientific, Inc.). An anti-human HER2/neu 19G3/x
was used as isotype (negative) control since Ramos cells do not express HER2/neu. To
examine FcyRI binding, J774.2 cells (2 x 10°) were incubated with 20 pg/mL of ch128.1 or
its mutants for 1 h on ice. J774.2 is a subclone of J774 reticulum cell sarcoma with
macrophage-like properties (Diamond et al., 1978). Antibody binding was detected using a
PE-conjugated goat F(ab"), anti-human k antibody described above. Excess sCD64 (40
ug/mL) was added to the reaction to confirm binding specificity. Secondary antibody alone
served as a control. Ten thousand events were recorded for each sample using a FACScan
flow cytometer (BD Biosciences, San Jose, CA) in the UCLA Jonsson Comprehensive
Cancer Center and Center for AIDS Research Flow Cytometry Core Facility. Data were
analyzed with FCS Express, version 3 (De Novo Software, Los Angeles, CA).

2.5. ADCC assay

Ramos cells (5 x 10%) were labeled with calcein AM (10 pg/mL in RPMI1640 with 10%
FBS) (Life Technologies, Inc.) at 37 °C for 1 h followed by washes in medium. Calcein AM
is a cell-permeant dye that is converted to green-fluorescent calcein by intracellular
esterases, which are released into cell supernatant upon cell lysis (Lichtenfels et al., 1994;
Neri et al., 2001). Labeled cells were incubated with 1 or 5 pg/mL of ch128.1 or its mutants,
buffer, or 1% Triton™ X-100 to determine the maximum release level of fluorescent
calcein. PBMC (2.5 x 10°) were added to the wells with an effector to target (E:T) ratio of
50:1 and plates were incubated at 37 °C, 5% CO, for 4 h. Plates were then centrifuged at
400 x g for 10 min and 100 pL of cell supernatants were transferred to black 96-well plates
in triplicate. Fluorescence was measured at excitation 485 nm and emission 520 nm on a
FilterMax F5 multi-mode microplate reader (Molecular Devices). Percent cytotoxicity was
calculated using the formula: [(experimental release)-(spontaneous target release)/
(maximum release) — (spontaneous target release)] x 100. Significant differences in
cytotoxicity were calculated using Student's t-test. Rituximab, an anti-human CD20 1gG1
(Biogen IDEC, Inc., Cambridge, MA), was used as a positive control for assay validity since
Ramos cells express CD20.

2.6. Complement binding assay

Since activation of the classical complement pathway occurs upon antibody binding to C1q
(Meyer et al., 2014), antibody binding of the recognizing component C1q is generally
examined in anticipation of complement activation. For flow cytometry assay, Ramos cells
(4 x 10°) were incubated with 5 pg/mL antibody in serum free RPMI 1640 medium for 30
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min on ice. Purified human C1q (Quidel, San Diego, CA) was added to the cells (35 pug/mL)
and incubated at 37 °C for 15 min. Binding was detected using a FITC-conjugated rabbit
anti-human C1q (Dako, Carpinteria, CA) incubated on ice for 30 min followed by flow
cytometry analysis as described above. ELISA was performed as described above with the
following modifications as previously reported (Hezareh et al., 2001): serial 5-fold dilutions
of antibodies (25-1 pg/mL) were added to the plate and incubated overnight at 4°C. Then,
plates were washed with PBS containing 0.05% Tween-20. Purified human C1q (35 pg/mL)
in PBS containing 0.05% Tween-20 and 0.1% gelatin (PTG) was added to the plate and
incubated for 4 h at room temperature. A mixture of goat anti-human C1q (US Biological,
Salem, MA) with an AP-conjugated rabbit anti-goat IgG (Sigma-Aldrich) at 1:5000 in PTG
was added to the plate and incubated for 1.5 h. Binding was detected using AP substrate and
plates were read at absorbance 405 nm as described above.

2.7. CDC assay

3. Results

Antibodies (1 ug/mL) were incubated with calcein AM-labeled target Ramos cells (5 x 10%)
on ice for 15 min. Five percent human complement (Quidel) was added to the cell-antibody
mixture and incubated for 3h at 37°C. Plates were then centrifuged at 400 x g for 10 min
and 100 L of cell supernatants were transferred to black 96-well plates in triplicate.
Fluorescence was measured at excitation 485 nm and emission 520 nm on FilterMax F5
multi-mode microplate reader (Molecular Devices). Data were collected and percent
cytotoxicity calculated as mentioned for the ADCC assay described above. Significant
differences in cytotoxicity were calculated using Student's t-test. Rituximab was used as
internal positive control, while an anti-human HER2/neu human IgG3/x (Huang and
Morrison, 2006) was used as isotype (negative) control.

3.1. Development and initial characterization of the ch128.1 mutants

In order to examine the potential residues of human 1gG3 that are important for Fc-mediated
effector functions in the context of ch128.1, sites reported as important for ADCC and CDC
activation in human IgG1 and IgG3 were mutated in ch128.1. L234 and L235 have been
reported to be involved in FcyRI and FcyRIlla binding and ADCC (Canfield and Morrison,
1991; Hezareh et al., 2001; Oganesyan et al., 2008; Sarmay et al., 1992), while P331 has
been implicated in C1q binding and complement activation (Idusogie et al., 2000; Tao et al.,
1993). Based on these reports, a panel of ch128.1 mutants was generated: (1) L234A/
L235A/P331S, (2) L234A/L235A, and (3) P331S as shown in Fig. 1. The three ch128.1
mutants expressed in murine myeloma cells showed the expected molecular weight and
were properly assembled and secreted (data not shown). As expected, the mutations
introduced did not affect the binding of the antibodies to either soluble TfR1 (sCD71) bound
to ELISA plates (Fig. 2a) or TfR1 expressed on the surface of Ramos cells (Fig. 2b).

3.2. Binding to FcyRI and FcyRllla

In order to evaluate the Fc-mediated effector functions of the mutants, the ability of ch128.1
and its mutants to bind FcyRs was examined. Since overlapping sites in the IgG lower hinge
region and the Cy2 domain, which consist of conserved residues in both IgG1 and 1gG3, are
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involved in binding FcyRI and FcyRIIla, (Canfield and Morrison, 1991; Radaev and Sun,
2002; Shields et al., 2001; Sondermann et al., 2000), binding of ch128.1 and its mutants to
FcyRI and FcyRllla, activating receptors responsible for inducing ADCC, was examined.
ch128.1 clearly binds FcyRI and FcyRIlla, as demonstrated using ELISA plates coated with
sCD64 and sCD16a, respectively (Fig. 3). However, binding of all three ch128.1 mutants to
both receptors was either drastically reduced or abolished under these experimental
conditions (Fig. 3).

As expected, binding of ch128.1 to FcyRI on the surface of cells was also observed (Fig. 4).
Since our antibodies are species specific and only bind human TfR1, J774.2 mouse
macrophage-like cells that express the high affinity FcyRI (Diamond et al., 1978; Quilliam
et al., 1993) were used to examine binding through the Fc region of the antibodies while
avoiding binding to murine TfR1. This is possible since murine FcyRs are able to bind
human 1gG3 (Ravetch, 2012). The addition of human soluble FcyR1 (SCD64) dramatically
decreased binding of ch128.1 to FcyRlI, confirming the specificity of this binding.
Drastically reduced binding of all three ch128.1 mutants to cell surface FcyRI was observed
(Fig. 4), consistent with the above ELISA results.

3.3. Induction of ADCC

Since ch128.1 binds the activating FcyRI and FcyRIIa, it is expected to elicit ADCC. This
activity was examined using PBMC isolated from healthy subjects as effector cells and
TfR1-expressing tumor cells as target cells. Ramos cells were chosen as target cells since
they are well characterized, commonly used to study antibody effector functions against
malignant B cells (Cardarelli et al., 2002; Rose et al., 2002), and have been used as target
cells for TfR1-targeted therapies (Daniels et al., 2012a; Ortiz-Sanchez et al., 2009). In
addition, Ramos cells, which express both CD20 and TfR1 (Daniels et al., 2011; Ortiz-
Sanchez et al., 2009), have been shown to be sensitive to both ADCC and CDC, as
demonstrated by studies using rituximab, a CD20 targeting antibody (Amoroso et al., 2011,
Cardarelli et al., 2002; Rose et al., 2002). As expected, ch128.1 induced ADCC in a dose-
dependent manner (Fig. 5). The triple mutant L234A/L235A/P331S consistently showed a
significant decrease of ADCC activity at both antibody concentrations tested (1 and 5 pg/
mL). At the low antibody concentration (1 ug/mL), significant reduction of ADCC was also
observed with the L234A/L235A mutant. However, ADCC activity was not significantly
altered with the P331S mutant under these experimental conditions. Taken together, these
data suggest that all three residues contribute to ADCC activity and that mutation P331S
alone is not enough to modulate this activity under the conditions tested.

3.4. Binding of C1q

Activation of the classical complement pathway occurs upon antibody binding to C1q
(Meyer et al., 2014). To determine the C1q binding ability of ch128.1 and its mutants, flow
cytometry analysis was performed using Ramos cells in the presence or absence of human
Clg. Clq binding was observed with ch128.1 (Fig. 6a), consistent with previous
observations (Daniels et al., 2011). Impaired binding to C1q was detected in this assay with
all three mutants (Fig. 6a). C1q binding was also evaluated by ELISA. Impaired, dose-
dependent binding to Clg was observed with the P331S and L234A/L235A/P331S mutants,
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in all concentrations tested (Fig. 6b). ch128.1 and the L234A/L235A mutant showed similar
C1q binding at 25 and 5 pg/mL, while no binding was detected with L234A/L235A at 1
pg/mL. These results indicate that P331 is critical for C1q binding, while L234 and L235
play a lesser role.

3.5. Induction of CDC

To determine the role of these residues in complement activation, CDC assays were
performed using human complement and Ramos cells. No CDC was observed in mutants
containing the P331S mutation (Fig. 7). Therefore, this residue is critical for the induction of
CDC. A significant decrease in CDC activity was observed with the L234A/L235A mutant
(Fig. 7), suggesting that these residues are involved, but are not as crucial for complement
activation as P331.

4. Discussion

To explore potential mechanisms of action of the anti-tumor activity conferred by ch128.1,
we examined its ability to bind FcyRI, FcyRIlla, and C1q, as well as its induction of Fc
effector functions, ADCC and CDC, using malignant B cells in vitro. As expected, we show
that ch128.1 binds the high affinity receptor FcyRlI, as well as the low to medium affinity
FcyRIlla, key receptors in ADCC activity (Nimmerjahn and Ravetch, 2008). FcyRI- and
FcyRIlla-expressing monocytes and FcyRIlla-expressing NK cells (Guilliams et al., 2014;
Nimmerjahn and Ravetch, 2008) are present in PBMC, the source of effector cells used in
ADCC. In addition, as previously reported (Daniels et al., 2011), ch128.1 was observed to
bind C1q, the recognition component of the initiating complex in the classical complement
cascade (Meyer et al., 2014). Importantly, ch128.1 was able to target TfR1-expressing
Burkitt lymphoma cells (Ramos), and induced ADCC in the presence of human PBMC
effector cells, as well as CDC in the presence of human complement.

The effector functions of other TfR1 targeting antibodies have been examined. D2C, a
mouse/human chimeric IgG1 targeting human TfR1, inhibited the growth of human
erythroleukemia cells K562 and induced apoptosis (Ye et al., 2006). It also mediated ADCC
and CDC against malignant cells including human T-cell lymphoma cells CEM and human
hepatocellular carcinoma cells SMMC-7721 in the presence of human PBMC and rabbit
complement, respectively. In addition, the baculovirus-expressed version of this chimeric
antibody, chi7579 mAb, induced ADCC and CDC against human hepatocellular carcinoma
cells HepG2 and breast adenocarcinoma cells MCF-7 in the presence of human PBMC and
rabbit complement, respectively (Shen et al., 2009). Furthermore, anti-TFRC, a human 1gG
against human TfR1, mediated ADCC against human oral squamous cell carcinoma cells in
the presence of human PBMC (Nagai et al., 2014). This antibody also exhibited anti-tumor
effects against these malignant cells in a xenograft mouse model (Nagai et al., 2014). The
above results, together with ours, suggest that ADCC and/or CDC may play a role in the
protection elicited by antibodies targeting TfR1 in vivo.

Comparison of 1gG subclasses and mutagenesis studies has suggested that residues within
the lower hinge region and the adjacent Cy2 domain contribute to the interaction between
human IgG1 and FcyRI or FcyRIlla (Canfield and Morrison, 1991; Radaev and Sun, 2002;
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Shields et al., 2001). Two residues in the lower hinge region, L234 and L235, conserved in
both 1gG1 and IgG3, have been reported to be necessary for FcyRI binding in vitro.
Mutations at L234A or L235A resulted in a 10- to 100-fold decrease in FcyRI association in
mouse/human chimeric IgG1 and 1gG3 against the hapten dansyl (Canfield and Morrison,
1991), and impaired ADCC activity of a mouse/human chimeric 1gG3 specific for the
hapten NIP in the presence of human K killer cells (Sarmay et al., 1992). Similarly,
mutations L234A/L235A in a humanized IgG1 version of the OKT3 antibody targeting the
human CD3 & chain of T-cell receptors abolished FcyRI binding (Xu et al., 2000) and
strongly reduced ADCC in a human IgG1 targeting HIV-1 envelope glycoprotein 120 (b12)
in the presence of human PMBC or purified monocytes (Hezareh et al., 2001). In addition,
P331 in the Cy2 domain was reported to be important for FcyRI1 binding, with amino acid
substitution from P to S resulting in reduced affinity to FcyRI by a factor of 10 (Canfield
and Morrison, 1991). Furthermore, profound loss of binding to FcyRI, FcyRlIla, and
FcyRIlla has also been reported with a humanized 1gG1 targeting human CD19 with
mutations L234F/L235E/P331S (Oganesyan et al., 2008).

Even though the same region in the IgG lower hinge is involved in FcyRlIlla binding, other
residues play a more important role in this interaction. Mutation L235A on a mouse/human
chimeric anti-HLA-DR IgG1 did not affect FcyRIlla-mediated ADCC against human B-
lymphoblastoid cells JY in the presence of human PBMC (Morgan et al., 1995). In contrast,
G237A drastically reduced FcyRIlla-mediated ADCC. In addition, G237A on a chimeric
mouse/human IgG3 against NIP abolished FcyRIlla-mediated ADCC by human K cells
against human red blood cells (Sarmay et al., 1992). L234A or L235A also drastically
decreased FcyRIlla-mediated ADCC in this model. Furthermore, the C-terminal half of the
IgG1 CH2 domain (residues 296-339) was demonstrated to be important for FcyRIlla
binding using chimeric 1gG1/1gG4 molecules (Greenwood et al., 1993). Consistent with
these reports, crystallography analysis suggests that FcyRIl1a and human IgG1 comes in
contact mainly at P329 (C2 domain) and residues in the lower hinge region (L234-S239)
(Sondermann et al., 2000).

Our results clearly show that residues L234, L235, and P331 on ch128.1 are important for
FcyRI and FcyRlIlla binding, in agreement with previous reports (Canfield and Morrison,
1991; Oganesyan et al., 2008; Sarmay et al., 1992; Sondermann et al., 2000), suggesting
their relevance in ADCC. We show, for the first time, that the ch128.1 triple mutant
(L234A/L235A/P331S) drastically reduced ADCC against malignant B cells in the presence
of human PBMC, consistent with its loss of binding to FcyRI and FcyRlIlla. In PBMC,
FcyRI is expressed on monocytes, while FcyRlIlla is expressed on monocytes and NK cells
(Guilliams et al., 2014; Nimmerjahn and Ravetch, 2008). Mutant L234A/L235A resulted in
a pronounced decrease in FcyRI binding and ADCC activation, similar to a previous reports
with IgG1 (Hezareh et al., 2001; Sarmay et al., 1992). Reduced FcyRI binding was also
observed with the single mutation P331S, similar to a previous report using a non-tumor
targeted 1gG3 (Canfield and Morrison, 1991). The pronounced decrease in FcyRIl1a binding
observed with all ch128.1 mutants, and decreased ADCC observed with antibodies
containing mutations at the hinge region, is consistent with previous observations
(Greenwood et al., 1993; Sarmay et al., 1992; Sondermann et al., 2000). However, the
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decreased FcyRI and FcyRlIlla binding exhibited in the case of P331S mutant was not
sufficient to reduce ADCC, an apparent discrepancy that may have resulted from differences
in sensitivity of these two methods under our experimental conditions.

C1q binding and complement activation have been reported as greatly reduced or abolished
in mouse/human chimeric non-tumor targeting IgG3 and 1gG1 P331S (Tao et al., 1993) and
a mouse/human chimeric IgG1 specific for the hapten DNP (Xu et al., 1994). Likewise,
P331 was shown to be important for C1q binding and CDC activation in mouse/human
chimeric anti-CD20 rituximab (Idusogie et al., 2000). Besides P331, residues L234 and
L235 involved in ADCC also play a role in CDC. In fact, mutations L234A/L235A were
reported to strongly reduce C1q binding and CDC in a human IgG1, b12, and a humanized
IgG1 version of OKT3 (Hezareh et al., 2001; Xu et al., 2000). Similarly, mutation L235A on
a mouse/human chimeric IgG1 targeting HLA-DR decreased CDC (Morgan et al., 1995).
Drastic loss of binding to C1q has also been reported with mutations L234F/L235E/P331S
on a humanized IgG1 specific for human CD19 (Oganesyan et al., 2008). In fact, crystal
structure suggests that C1q interacts with human IgG1 b12 at D270, K322, P329 and
P331(Gaboriaud et al., 2003). However, L234 and L235 form a hydrophobic cluster at the
Fab/Fc hinge in this model and are expected to influence the relative positioning of the Fab
arm, possibly acting as additional binding sites for C1q.

In this report we show that C1q binding to P331S or L234A/L235A/P331S was drastically
reduced under the conditions tested. The L234A/L235A mutant showed binding similar to
that of ch128.1 at the higher concentrations, but impaired binding at the lower concentration.
Importantly, mutation P331S was sufficient to abolish CDC activity against malignant B
cells in the presence of human complement, similar to previous observations with non-tumor
targeting 1gG3 and IgG1 (Tao et al., 1993), as well as tumor targeting 1gG1 (Idusogie et al.,
2000; Xu et al., 1994). The L234A/L235A mutant showed significantly decreased CDC
activity similar to previous observations in 1gG1 antibodies (Hezareh et al., 2001; Xu et al.,
2000). Our results confirm the critical role of P331 and the involvement of L234 and L235
in CDC induction. However, caution must be used in attempts to compare effector functions,
since 1gG3 differs from IgG1 in that it has an extended hinge region, which imparts
increased flexibility and possibly more effective complement fixation (Dangl et al., 1988).

5. Conclusions

In this study we show that ch128.1 is capable of binding FcyRI, FcyRIlla, and Clqg, as well
as mediating ADCC and CDC against malignant B cells, suggesting a potential role of these
activities in the elimination of cancer cells in vivo. The triple mutant antibody (L234A/
L235A/P331S) consistently displayed significantly reduced ADCC, while L234A/L235A
showed weaker impairments, suggesting that all three residues contribute to this activity,
although to different degrees. CDC is abolished with P331S, confirming the crucial role of
this residue for CDC activation, while the other residues play a lesser role. Our study
provides insights into the effector functions of human IgG3 in the context of TfR1 targeting
in malignant B cells. However, the present study does not prove that the interaction of
ch128.1 with FcyRI, FcyRIlla, and/or C1g, and the effector functions that result from these
interactions (ADCC and/or CDC), is responsible for the in vivo protection previously
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observed in xenograft models of the human multiple myeloma in SCID-Beige mice (Daniels
etal., 2011). It is possible that other mechanisms such as ADCP mediated by FcyR-
expressing macrophages and/or interference with cancer cell surface TfR1 internalization
when the antibody is concurrently bound to FcyRs may contribute to the anti-tumor activity
of ch128.1. Further studies are needed to understand the mechanism of anti-tumor activity
exhibited by ch128.1, an antibody with potential therapeutic use against human B-cell
malignancies.
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AP
CDC
Ch2
DNP
EDTA
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FITC
MFI
NIP
NK
PBMC

antibody-dependent cell-mediated cytotoxicity
antibody-dependent cell-mediated phagocytosis
alkaline phosphatase

complement-mediated cytotoxicity

constant domain 2

2,4-dinitrophenyl

ethylenediaminetetraacetic acid
enzyme-linked immunosorbent assay

Fc gamma receptor

fluorescein isothiocyanate

mean fluorescence intensity
4-hydroxy-3-iodo-5-nitrophenylacetate

natural killer cells

peripheral blood mononuclear cells
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PMN
Tf
TfR1

phycoerythrin
polymorphonuclear leukocytes
transferrin

transferrin receptor 1
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Fig. 1.

Development of ch128.1 mutants. Schematic representation of the DNA encoding the heavy

chain of human 1gG3. Based on previous reports showing residues involved in FcyRl,

FcyRlIlla, and Clq binding, the following ch128.1 mutants were developed: L234A/L235A/

P331S, L234A/L235A, and P331S. This drawing is not to scale.
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Fig. 2.

Bi%ding of ch128.1 and its mutants to TfR1. (A) ch128.1 antibody or mutants were
incubated with human sCD71 bound to an ELISA plate. Binding was detected using AP-
conjugated goat anti-human x antibody and AP substrate. An anti-human HER2/neu human
1gG3/x was used as an isotype control. Absorbance was read at 405 nm. Results are
representative of two independent experiments. Error bars show standard deviation of
samples in triplicate. (B) Ramos cells were incubated with ch128.1 or its mutants. Binding
was detected using a PE-conjugated goat F(ab'), anti-human k antibody and flow cytometry
analysis. Rituximab was used as a positive control, while an anti-human HER2/neu human
1gG3/x was used as an isotype control. Black line histogram: indicated antibodies; gray line
histogram: secondary antibody alone (control). MFI values for each antibody are listed at the
top right corner of each histogram plot. MFI for secondary antibody control is 3.53. Results
are representative of two independent experiments.
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Binding of ch128.1 and its mutants to human FcyRI and FcyRIlla by ELISA. (A) ch128.1
antibody or its mutants were incubated with human soluble FcyRI (sCD64) bound to an
ELISA plate. (B) ch128.1 antibody or its mutants were complexed with goat F(ab"), anti-
human x antibody and incubated with human soluble FcyRIlla (sCD16a) bound to an
ELISA plate. In both cases binding was detected using an AP-conjugated goat F(ab"), anti-
human 1gG F(ab"); antibody and AP substrate. An anti-human HER2/neu human IgE/x
antibody was used as negative control. Absorbance was read at 405 nm. Results are
representative of three independent experiments. Error bars show standard deviation of
samples in triplicate.
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Binding of ch128.1 and its mutants to FcyRI by flow cytometry. J774.2 murine macrophage-
like cells were incubated with 20 pg/mL of the specified antibodies on ice for 1 h. Antibody
binding was detected using a PE-conjugated goat F(ab'), anti-human x antibody and flow
cytometry analysis. Excess sCD64 (40 pg/mL) was added to confirm FcyRI specificity.
Black line histogram: indicated antibodies; gray line histogram: secondary antibody alone
(control). MFI values for each antibody are listed at the top right corner of each histogram

plot. MFI for secondary antibody control is 2.64. Results are representative of two

independent experiments.
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Induction of ADCC by ch128.1 and its mutants. The ability of the antibodies to mediate
ADCC was measured via the calcein release assay. One or 5 pg/mL of the antibodies
specified were incubated with calcein AM-labeled Ramos target cells and human PBMC as
effector cells (E:T ratio of 50:1). Calcein release was measured with excitation at 485 nm

and emission at 520 nm.

*p < 0.05, **p < 0.001 as determined by Student's t-test. Results

are representative of three independent experiments using PBMC from different donors.
Error bars show standard deviation of samples performed in triplicate in each experiment.
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Binding of ch128.1 and its mutants to C1q. (A) Ramos cells were incubated with 5 pg/mL of
the specified antibodies. Human C1q (35 ug/mL) was added to cells and C1q binding was
detected using a FITC-conjugated anti-C1q antibody and flow cytometry analysis. Black
line histogram: antibody incubation with C1q; gray line histogram: antibody incubation
without C1qg. MFI is listed to the right of each histogram for antibody incubated with or
without C1g. Results are representative of three independent experiments. (B) C1g was
incubated with ch128.1 or its mutants bound on an ELISA plate. Binding was detected using
goat anti-human C1qg with AP-conjugated anti-goat IgG and an AP substrate. An anti-human
HER2/neu human IgE/x antibody was used as negative control. Results are representative of
three independent experiments. Error bars show standard deviation of samples in triplicate.
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Induction of CDC by ch128.1 and its mutants. Calcein AM-labeled Ramos cells were
incubated with 1 pg/mL of the specified antibodies, rituximab positive control, or an anti-
human HER2/neu IgG3/x as an isotype control. Human complement was added and
cytotoxicity was determined by measuring calcein release from dying cells. *p < 0.01, **p <
0.005 as determined by Student's t-test. Results are representative of three independent
experiments. Error bars show standard deviation of samples in triplicate.
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