Fc-binding antibody-recruiting molecules for cancer therapy:
exploiting endogenous IgG without antigen—Fab interactions
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ABSTRACT: Small molecules emulating the effector functions of antibodies have potential clinical benefits because of their low
immunogenicity. Antibody-recruiting molecules (ARMs) are bispecific molecules designed to redirect endogenous antibodies to
targets. However, endogenous antibodies show intra/inter-patient differences regarding their concentrations and affinities, limiting
the potential of ARMs. We sought to address this issue using a Fc-binding peptide instead of an antigen for antibody redirection.
Fc-binding ARM (Fc-ARM) targeting folate receptor-a (FR-ot) expressed on cancer cells, formed a ternary complex of Fc-ARM,
FR-a, and antibody on cancer cells. The ability of this ternary complex to activate natural killer cells was positively correlated with
its Fc affinity, and did not require the Fab region. Fc-ARM hitchhiked on pooled human IgG to enhance its blood retention, and
suppressed tumor growth in a mouse xenograft model of human cancer. Thus, Fc-ARM has the potential to be employed as a less

immunogenic alternative to therapeutic antibodies.

INTRODUCTION

Therapeutic monoclonal antibodies (mAbs) have revolution-
ized the clinical outcomes for multiple cancers, including B
cell lymphoma.' However, their potential immunogenicity is
one of the limitations in their clinical application. For exam-
ple, IgE-mediated anaphylaxis and cytokine storms are life-
threatening side effects of Ab administration.” Even fully hu-
man mAb (anti-tumor necrosis factor-o) developed anti-drug
antibodies in 17% of patients, resulting in a decreased serum
concentration and reduced efficacy of the mAb.? Such adverse
events are thought to be attributed to the large molecular
weight of mAbs and the presence of non-self amino acid se-
quences.”

To address this issue, small molecules that imitate the effec-
tor functions of Abs have been developed because small mole-
cules are thought to have low immunogenicity.*’ Antibody-
recruiting molecule (ARM), which is composed of an anti-
body-binding terminus (ABT) and a target-binding terminus
(TBT), is one of the promising modalities.® ABT utilizes anti-
gen—Fab (fragment antigen binding) interactions to form an
ARM-Ab complex, and TBT plays a role in redirection of
endogenous Abs to its target, such as tumor cells. Subsequent-
ly, recruited Abs activate the immune system, including im-
mune cells, triggering elimination of the target. Although vari-
ous types of TBTs have been produced to evaluate the ap-
plicability of ARMs to a broad range of targets,”** only three
ABTSs against pre-existing endogenous Abs have been investi-
gated: galactosyl-(1-3)-galactose (o-Gal),'>"” rhamnose,” and
nitroarenes.'*'***** The limited choice of ABTs decreases the
clinical potential of ARMs because pre-existing endogenous
Abs show intra/inter-patient variability in terms of characteris-
tics such as Ab concentration and affinities. For example, their

amounts are limited and vary among individuals (up to 2% for
anti-a-Gal™™> and 1% for anti-2,4-dinitrophenyl (DNP)26’27).
Thus, creating new ABTs to overcome the intra/inter-patient
differences observed for endogenous Abs is a key challenge.
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Figure 1. Schematic illustration of the Fc-ARM strategy and
molecular structures of Fc-ARMs. (A) Schematic of the Fc-
ARM-mediated activation of NK cells. (B) Molecular design
of Fc-ARM1 and Fc-ARM2.



The Fc (fragment crystallizable) region of IgG is character-
ized by its conserved molecular structure, as well as a variety
of biological functions. The Fc region operates as a module for
effector functions such as antibody-dependent cell-mediated
cytotoxicity (ADCC).”** A recent study revealed that the Fc
fragment of IgG binds to herpes simplex virus 1 (HSV1) gly-
coprotein E and Fc-gamma receptor Illa (FcyRIIla)/CD16a
expressed on immune cells simultaneously, resulting in ADCC
against HSVl-infected cells.’” This report indicates that
ADCC could be induced in a Fab-independent manner.

Previously, we have reported a new class of ARMs, namely
Fc-ARMs, in which Fc-binding cyclic peptide (Fc-III) was
used as an ABT and folic acid (FA) was used as a TBT to tar-
get tumor cells that overexpress folate receptor-a. (FR-a).”'
Using Fc-ARM, we sought to exploit the majority of endoge-
nous IgGs to eliminate malignant cells independently of anti-
gen—Fab interactions (Figure 1A). We previously demonstrat-
ed that a ternary complex of Fc-ARM, FR-a, and human IgG
(hIgG) can be formed on the surface of cancer cells.”’ This
ternary complex, however, did not mediate ADCC in the pre-
vious experimental settings. Given that ADCC is regulated b3y
the overall affinity of Ab to its cognate antigen’> and CD16a,”
we hypothesized that replacement of the Fc-III peptide with
recently reported peptide, Fc-II14C, which has higher affinity
for IgG-Fc,** would strengthen the ternary complex to activate
effector cells such as natural killer (NK) cells for target cell
destruction. We evaluated the formation of the ternary com-

plex, as well as its anti-tumor efficacy, both in vitro and in
vivo.

RESULTS AND DISCUSSION

We used an Fc-III peptide or an Fc-1IT14C peptide (K4 against
hIgG-Fc reported to be 70 nM and 2.5 nM, respectively)’* as
an ABT. FA was selected as a TBT. FA has high affinity to
FR-a (Kg = 0.19 nM)* and is therefore used for targeted drug
delivery and imaging of FR-o-overexpressing cancers.”® The
ABT and the TBT were connected with a hexaethylene glycol
linker, and two types of Fc-ARMs were synthesized, namely
Fc-ARMI1 and Fc-ARM2 (Figure 1B). Fc-ARM2 is a new
molecule synthesized in this report, whereas Fc-ARM1 was
used in our previous study.’ The Fc-ARMs were character-
ized by reverse phase high performance liquid chromatog-
raphy (RP-HPLC, Figure S1) and matrix assisted laser desorp-
tion/ionization-time-of-flight mass spectrometry (MALDI-
TOF MS, Figure S2). First, we used surface plasmon reso-
nance (SPR) to measure the affinities between Fc-ARMs and
hIgGl. We functionalized SPR chips with Herceptin and
flowed Fc-ARMs over the chip surface. The results showed
that Fc-ARM2 had higher affinity to hIgG1 compared with Fc-
ARMI1 (Figure 2A-C). The K4 values were 25.0 nM for Fc-
ARMI1 and 6.1 nM for Fc-ARM2. Next, we verified whether
the ternary complex of FR-o, Fc-ARM?2, and hIgG could be
formed similarly to Fc-ARMI.*' Fluorescent microscopy re-
vealed that FITC-labeled hIgG (hIgG-FITC) successfully
bound to IGROV-1 cells in the presence of Fc-ARM?2 (Figure
S3).
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Figure 2. Fc-ARM2 shows high affinity for [gG-Fc and recruits antibody to FR-a." cells. (A-C) Dissociation constants of (A) Fe-
ARMI1 and (B) Fc-ARM2 to human IgG1 were determined by SPR measurements. (C) Ko, ko, and Ky values for Fc-ARMs are
summarized. (D) IGROV-1 cells were seeded and incubated overnight. Fc-fluorescein (500 nM), Fc-fluorescein + Fc-ARM2 (100
nM), or Fc-fluorescein + Fc-ARM2 + excess FA (100 uM) were added. After washing, cells were stained with Hoechst 33342.
Scale bar = 20 um. Representative pictures are shown. (E) IGROV-1 cells were treated with 10 nM of Fc-ARMs and increasing
concentrations of IgG-FITC. The mean fluorescence intensity (FI) derived from the ternary complex was quantified by flow cytom-
etry (n = 3, mean £ SEM). Two experimental repeats were performed. Statistical analyses were carried out using a two-tailed

Welch’s t test. *p < 0.05; **p < 0.01.



Excess FA diminished hlgG-derived fluorescence. Fur-
thermore, the papain-digested Fc fragment of anti-CD20 mAb
(Ofatumumab, Figure S4) labeled with fluorescein (Fc-fluo)
was also recruited on IGROV-1 cells by Fc-ARM2 (Figure
2D). These results demonstrated that ternary complex for-
mation is driven by the bispecific affinities of Fc-ARM2 to
FR-o and the Fc region of hIgG. Next, we conducted a quan-
titative evaluation of ternary complex formation. Considering
that 10 nM of Fc-ARMI1 saturated the fluorescent intensity
derived from the ternary complex (Figure S5), 10 nM of Fc-
ARM (Fc-ARM1 or Fc-ARM2) and increasing concentrations
of IgG-FITC were added to IGROV-1 cells. Fc-ARM?2
showed significantly higher mean fluorescence intensity (FI)
derived from the ternary complex compared with Fc-ARM1
(Figure 2E). Notably, 1 uM of IgG-FITC reduced the mean FI,
a typical characteristic of ternary complex formation.”” These
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data suggested that Fc-ARM?2 possesses improved affinity to
IgG-Fc, enabling more efficient formation of the ternary com-
plex.

Next, we evaluated whether formation of the ternary com-
plex can activate NK cells and induce target cell destruction.
Importantly, we previously reported that the binding sites of
Fc-binding peptide and CD16a to the Fc region of the antibody
do not overlap,” rationalizing the feasibility of CDI16a-
mediated immune cell activation by the ternary complex. Ofa-
tumumab was used as a source of Ab since its ADCC capacity
against CD20" cells was certified,” and IGROV-1 cells do not
express CD20. IGROV-1 cells were co-cultured with human
NK cells (KHYG-1/CD16a-158V)* for 16 h in the presence of
Fc-ARM (10 nM) and anti-CD20 mAb (100 nM), then lactose
dehydrogenase (LDH) released from lysed cells was quanti-
fied.
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Figure 3. Fc-ARM2 effectively recruits higG1 and the Fc fragment onto the FR-a." cell surface and activates NK cells. (A) 5000
cells/well of IGROV-1 cells were co-cultured with 40000 cells/well of KHYG-1/CD16a-158V in the presence of Fc-ARM (10 nM)
and various concentrations of anti-CD20 for 16 h. ADCC activity was quantified by an LDH assay (n = 3, mean £ SEM). (B) 5000
cells/well of IGROV-1 cells were treated with anti-CD20 (100 nM), Fc-ARM (10 nM), or Fc-ARM2 + anti-CD20, or Fc-ARM2 +
anti-CD20 + FA (1 uM) and co-cultured with 5000 - 40000 cells/well of KHYG-1/CD16a-158V for 16 h. (n = 3, mean = SEM). (C)
After co-culturing of IGROV-1 cells and KHYG-1/CD16a-158V, culture supernatants were collected for human IFN-y detection by
ELISA (E/T = 8, mean = SEM). (D) Surface mobilization of CD107a on KHYG-1/CD16a-158V cells was evaluated after 6 h of
stimulation by flow cytometry (E/T = 1, mean + SEM). (E) An ADCC assay was performed using the Fc fragment of anti-CD20
mAb (n = 3, mean = SEM). Two experimental repeats were performed. Statistical analyses were carried out using (A) a two-tailed
Welch’s t test, or (B—E) one-way ANOVA with Tukey’s multiple comparison test. *p < 0.05; **p <0.01.



When compared with Fc-ARM1, Fc-ARM2 showed en-
hanced cytotoxicity along with increased concentrations of
anti-CD20 (Figure 3A). Fc-ARM2 in combination with anti-
CD20 showed clear target cell killing in an effector/target
ratio-dependent manner, whereas anti-CD20 or Fc-ARM2 did
not (Figure 3B). Cytotoxicity was decreased to basal levels by
excess FA (Figure 3B). Target cell killing was not observed
when A549 lung cancer cells (FR-a") were used as the target
cells (Figure S6), consistent with our previous observation that
the ternary complex was not formed on A549 cells.”’ Upon
stimulation by the ternary complex, NK cells showed secretion
of interferon-y (IFN-y) (Figure 3C) and surface mobilization of
CD107a (activation marker of NK cells,* Figure 3D and S7),
further demonstrating that the ternary complex can activate
NK cells. Notably, the Fc-fragment of anti-CD20 mAb also
induced cytotoxicity when used in combination with Fc-
ARM?2 (Figure 3E). Taken together, these results demonstrat-
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ed that the ternary complex of FR-a,, Fc-ARM, and anti-CD20
hlgG1 is capable of activating NK cells for target cell destruc-
tion without antigen—Fab interactions.

We next conducted in vitro assays over shorter co-culture
time periods to investigate whether or not the affinity of Fc-
binding peptide determines the immune-stimulatory activity of
the ternary complex. Fc-ARMI1 in combination with anti-
CD20 (Fc-ARM1 + anti-CD20) did not show cytotoxicity after
4 h of co-culture (Figure S8A), in accordance with our previ-
ous report.”’ Fc-ARM2 showed higher cytotoxicity compared
with Fc-ARM1 in combination with anti-CD20 after 6, 8, and
16 h of co-culture (Figure S8 B-D). Fc-ARM2 + anti-CD20
induced significantly higher amount of IFN-y secretion than
Fc-ARMI1 + anti-CD20 after 16 h of co-culture (Figure S8E).
These results clearly demonstrated that the Fc-affinity of Fe-
ARM is crucial for efficient activation of NK cells by the ter-
nary complex.
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Figure 4. Fc-ARM interacts with pooled hlgG in vivo to enhance its blood retention time and tumor accumulation. (A) Two differ-
ent products of IgG from human sera were compared with anti-CD20 mAb. hIgG (100 nM) and Fc-ARM2 (10 nM) were added into
5000 cells/well of IGROV-1 cells. 10000-80000 cells/well of KHYG-1/CD16a-158V cells were added and incubated for 16 h.
LDH released from lysed cells was quantified (n = 3, mean £ SEM). (B) The molecular structure of Fc-ARM-Cy7. (C-F) 1 x 10° of
IGROV-1 cells were inoculated into BALB/c nu/nu mice. When the tumor volume reached about 300 mm3, mice received 20 mg of
pooled hlgG intraperitoneally. After 2 h, mice received 5 nmol of Fc-ARM-Cy7 intraperitoneally. (C) In vivo fluorescence imaging
of Fc-ARM-Cy7 at different time points was performed using the IVIS Lumina II. Representative images from four mice in each
group are shown. (D) Time-course quantification of the fluorescent signals from tumors (n = 4, mean = SEM). (E) At 24 h after Fc-
ARM-Cy7 injection, organs were harvested and imaged ex vivo. A representative image of the organs is shown (n = 4 per group).
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Previously, we reported that Fc-ARMI1 inhibits the ADCC
activity of anti-epidermal growth factor receptor (EGFR) mAb
against IGROV-1 cells (EGFR/FR-a. double positive).*' To
investigate the mechanism of action, we first compared the
amount of EGFR/anti-EGFR binary complex with that of the
ternary complex formed on IGROV-1 cells using flow cy-
tometry. IGROV-1 cells were incubated with fluorescein-
labeled anti-EGFR mAb (Cetuximab). The results showed that
5 nM of anti-EGFR mAb was sufficient to saturate binary
complex formation (Figure S9A). Furthermore, 10 nM of Fc-
ARMI substantially increased the mean FI, showing that the
capacity to form the ternary complex on IGROV-1 cells is
greater than that of the binary complex. Next, we evaluated the
ADCC activity of both complexes (Figure S9B). The binary
complex of EGFR/anti-EGFR mAb showed stronger ADCC
activity compared with the ternary complex (Fc-ARM2 + anti-
CD20). Interestingly, co-existence of the binary complex and
the ternary complex (Fc-ARM2 + anti-EGFR) resulted in simi-
lar ADCC activity compared with the ternary complex (Fc-
ARM2 + anti-CD20). These results indicated that the ternary
complex activates NK cells, but also works as a competitive
inhibitor of CD16a against stronger agonists (in this case, the
binary complex of EGFR/anti-EGFR mAb). We do not discuss
the potential contribution of the quaternary complex of FR-a,
Fc-ARM2, anti-EGFR, and EGFR in this manuscript because
we are currently unable to isolate the quaternary complex.

Based on the finding that the ternary complex has the ability
to activate NK cells for tumor cell killing, we sought to test
the therapeutic potential of the Fc-ARM strategy. We investi-
gated whether Fc-ARM2 was capable of inducing ADCC with
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a mixture of hlgG subclasses and found that Fc-ARM2 +
pooled hIgG (Venoglobulin) and Fc-ARM?2 + affinity-purified
hIgG from sera clearly induced ADCC against IGROV-1,
whereas hIgG products alone did not (Figure 4A). The levels
of ADCC induced by these two conditions were similar to that
induced by Fc-ARM2 + anti-CD20, indicating that endoge-
nous hlgGs could potentially be used as a source of Abs for
immune cell activation that would be as efficient as hIgGl.
Next, we prepared a derivative of Fc-ARM1 labeled with sul-
fo-cyanine 7 (Fc-ARM-Cy7, Figure 4B and S10) to investigate
the interactions between Fc-ARM and IgGs in vivo. Since Fc-
ARM2 did not induce ADCC in combination with mouse IgG
(mlIgG) due to an inability to bind to mIgG (Figure S11), we
pre-injected tumor-bearing mice with hIgG to achieve ternary
complex formation in vivo. Injected hlgG is expected to re-
main in the blood circulation for exceptionally long time as a
macromolecule because it cross-reacts with mouse neonatal Fc
receptor (FcRn),"' which is responsible for salvaging Abs from
lysosomal degradation. Thus, we hypothesized that pre-
injection of hlgGs into mice enhances the blood circulation
time and the tumor accumulation of Fc-ARM. Based on a pre-
vious study, 20 mg of pooled higG was injected per mouse to
mimic the blood concentration of IgG in humans.* Next, 2 h
after intraperitoneal injection of pooled hIgG, IGROV-1 tu-
mor-bearing BALB/c nu/nu mice were injected intraperitone-
ally with 5 nmol of Fc-ARM-Cy7. In vivo time-course imag-
ing showed that pooled hIgG significantly improved the blood
retention time and tumor-targeted delivery of Fc-ARM-Cy7
(Figure 4C, D).
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Ex vivo imaging at 24 h after Fc-ARM-Cy7 injection
showed that significantly higher amounts of Fc-ARM-Cy7
remained in a range of dissected organs in mice that received
prior injection of pooled higG (Figure 4E, F). These data sug-
gested that Fc-ARM interacts with hIgGs and harnesses their
pharmacokinetics, resulting in an enhanced blood circulation
time and accumulation in tumors.

Finally, we tested the anti-tumor efficacy of the ternary
complex in vivo. Since there is crosstalk between hlgG and
mouse effector cells, including mouse NK cells,” we hypothe-
sized that the ternary complex of Fc-ARM2, FR-a, and hIgG
activates mouse NK cells and inhibits tumor growth in vivo.
IGROV-1-bearing BALB/c nu/nu mice were used. A summary
of the treatment schedule is shown in Figure SA. Given that
hIgG1 shows a blood half-life of about 10 days in mice,*
pooled higG (1 g/kg) was injected intraperitoneally into mice
0 and 9 days after tumor inoculation. Fc-ARM2 (4 mg/kg) was
intraperitoneally administered to mice 0, 3, 6, 9, 12, and 15
days after tumor inoculation. On days 0 and 9, mice received
Fc-ARM2 2 h after higG injection. Fc-ARM2 + pooled higG
significantly suppressed tumor growth compared with all of
the other groups (Figure 5B, 5D—G). No abnormal weight loss
was observed during the treatment (Figure 5C). These data
demonstrated the anti-tumor efficacy of the ternary complex in
vivo.

Small molecules that emulate the effector functions of Abs
can potentially balance therapeutic effects with reduced im-
munogenicity. As one such immunotherapeutic, ARMs bridge
pre-existing endogenous Abs with target cells, resulting in
immune cell activation through Fc receptors such as CD16a.’
Pre-existing endogenous Abs, however, suffer from heteroge-
neous characteristics and are in short supply in the circula-
tion.”?” Immunization of patients with ABTs may help to
manage the various characteristics of anti-ABT endogenous
Abs, %72 byt increases the complexity of treatment proce-
dures, and may also confer additional side effects. Here, we
report the first ARM that is capable of immune-mediated tar-
get cell destruction independent of antigen—Fab interactions.
Using an Fc-binding peptide (Fc-III or Fc-1114C) as an ABT
enables Fc-ARM to access at least higG1 and higG2* with
constant affinity. These two IgG subclasses account for more
than 80% of the total IgG in humans,***’ suggesting that at
least 10 times higher amounts of IgG can be utilized by Fc-
ARM compared with previously reported ARMs, which have
focused on endogenous Abs against o-Gal'>" or ni-
troarenes. 2%

First, we showed that Fc-II14C peptide as an ABT outper-
forms Fc-III peptide. NK cell activation by recruited Abs was
confirmed by ADCC, IFN-y secretion, and NK cell surface
mobilization of CD107a. The positive correlation between the
Fc-affinity of Fc-ARM and ADCC activity was in accordance
with previous literature that reported the increased ADCC
efficacy of a mAb with higher affinity to its target.”> ADCC
activity was also correlated with the concentration of anti-
CD20 mAbs. Moreover, the Fc fragment of IgG Abs induced
ADCC in combination with Fc-ARM?2. These observations
clearly showed that the ternary complex of Fc-ARM, FR-aq,
and hlgG induces ADCC. Another important finding was that
Fc-ARM2 + pooled hIgG from serum induced a similar level
of ADCC compared with Fc-ARM?2 + anti-CD20 hIgG1 mAb.
This result indicated that IgG1 is a crucial subclass for induc-

ing ADCC in the Fc-ARM strategy, considering that hIgGl1 is
the main component of pooled hIgG from sera.

Small molecules are readily removed from systemic circula-
tion through renal filtration. As we showed in mice, Fc-ARM
hitchhikes on hlgG to avoid this phenomenon, thereby result-
ing in enhanced blood retention time and tumor accumulation.
Finally, we demonstrated that combination therapy with
pooled hIgG and Fc-ARM2 reduces FR-o." tumor growth in T
cell-deficient nude mice. Whereas, monotherapy with either
Fc-ARM2 or pooled hIgG did not show anti-tumor efficacy,
indicating that ternary complex formation is required for anti-
tumor responses. The highest concentration of hIgG1l among
all hIgG subclasses in blood is encouraging for our molecular
design, given that hIgGl1 is the most potent hIgG subclass for
ADCC induction® and the most commonly used higG sub-
class for cancer therapy in the clinic.”

One potential limitation of our strategy is that the anti-tumor
efficacy of Fc-ARM may be influenced by the glycosylation
patterns of endogenous IgGs in each patient. In fact, an Ab
with afucosylation at the binding site with CD16a showed
enhanced ADCC activity compared with a fucosylated Ab.”
We suggest that recently reported strategies that enable in situ
modification of glycans on glycoproteins’ > may be useful for
the quality management of endogenous Abs for the Fc-ARM
strategy.

CONCLUSION

In conclusion, Fc-ARM?2 showed high affinity to the Fc region
of IgG and formed a ternary complex of Fc-ARM2, FR-a, and
hlgG. As a consequence, recruited Abs suppressed the growth
of IGROV-1 human ovarian adenocarcinoma in a mouse xen-
ograft model. Fc-affinity would provide ARM with sufficient,
robust, opportunities to redirect endogenous IgG to malignant
cells. Therefore, the Fc-ARM strategy may lead to the re-
emergence of ARMs as one of the promising modalities of
immunotherapy for cancers.
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