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ABSTRACT

Fc-mediated effector functions are key for conferring potent antibody-mediated killing of cancer cells.
However, it is difficult to achieve highly selective targeting of cancer cells while minimizing toxicity on
healthy tissue because of the expression of most receptors, albeit at lower levels, on non-cancer cells.
Previous attempts to increase the selectivity of antibody-mediated effector functions have sought to
reduce binding affinity and/or increase avidity, which typically results in modest improvements in
selectivity. To overcome this limitation, we report the use of mixtures of antibody variants that achieve
high selectivity based on receptor level while maintaining high activity for cells with high receptor levels.
We have studied mixtures of two variants of an anti-HER2 antibody (trastuzumab), one that is affinity-
reduced and effector-competent and a second high-affinity variant that is effectorless. Notably, we
observe that the high-affinity, effectorless antibody reduces effector function for cells with low receptor
levels, including reduced antibody-dependent cellular cytotoxicity (ADCC) and phagocytosis (ADCP),
while the high-avidity, effector-competent antibody mediates significant effector function for cells with
high receptor levels. Moreover, replacing the effector-competent Fc region of the affinity-reduced anti-
body with high-affinity Fc domains that enhance effector function drives high activity while maintaining
high selectivity for the antibody mixtures. These findings outline a general strategy for maximizing the
therapeutic window by selectively targeting cancer cells based on receptor levels that could be applied to
a wide range of applications involving antibody-mediated synapse formation, including antibody-drug
conjugates and bispecific antibodies, such as T cell engagers.
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Introduction

Monoclonal antibodies (mAbs) are widely used as cancer
therapeutics for targeting both cancer cells and immune recep-
tors. A critical part of their therapeutic activity is due to their
Fc-mediated effector functions, such as antibody-dependent
cellular cytotoxicity (ADCC) and antibody-dependent cellular
phagocytosis (ADCP)." For example, ADCC has been shown
to play an important role in the cytotoxic activity of several
antibody therapeutics, including antibodies against tumor-
associated antigens, such as epidermal growth factor receptor
(EGFR), human epidermal growth factor receptor 2 (HER2),
and B-lymphocyte antigen CD20.”> ADCC also contributes to
antibodies targeting immune checkpoints, such as cytotoxic
T-lymphocyte-associated protein 4 (CTLA-4), by clearing reg-
ulatory T cells.” ADCP has also been shown to play an impor-
tant role in therapeutic efficacy for multiple antibodies,
including those against CD20 and CD38.”*

Given the importance of such effector activity, substantial
efforts have been made to enhance antibody-mediated effector
functions. One approach is to engineer the Fc region to more
strongly bind to activating Fcy receptors and more weakly to

inhibitory receptors, which has been used to enhance the effec-
tor functions of the anti-HER2 antibody margetuximab.”'
A second approach is to improve Fc binding to Fcy receptors
via afucosylation, as employed by the antibody-drug conjugate
(ADC) belantamab mafodotin.'* A third approach is not to rely
on the Fc region for mediating the primary effector function,
but rather use bispecific antibodies to recruit T cells to kill
cancer cells. For example, bispecific antibodies that link CD3
engagement on T cells with various cancer-associated antigens,
including CD19, Carcinoembryonic antigen (CEA), and HER2,
have shown promising and potent anti-cancer activities."*™"*
Despite the great promise of using antibodies to elicit
potent effector functions, the problem of on-target, off-
tumor toxicity continues to be a major challenge. For example,
some mAD treatments lead to strong side effects due to this
type of toxicity, including cutaneous toxicity (cetuximab),
cardiotoxicity (trastuzumab), proteinuria and hypertension
(bevacizumab), and neuropathic pain (dinutuximab and
naxitamab).">™'® This same type of problem also occurs for
mAbs used in other therapeutic applications, such as ADCs
and T cell-engaging bispecific antibodies. For example, ADCs
directed against CD44v6 (bivatuzumab mertansine) and
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Nectin-4 (Padcev®) cause severe skin toxicity.”>*' Moreover,

a bispecific T cell engager targeting CD3 and EGFR to treat
colorectal cancer cells resulted in cytokine release and damage
to EGFR-expressing organs by redirected T cells.**

Many creative approaches have been reported for overcom-
ing on-target, off-tumor toxicity issues. For example, reduc-
tion of antibody affinity has been successfully used to reduce
off-tumor binding for CAR-T cells while maintaining on-
tumor cytotoxic activity.”> CAR-T cells targeting CD38 with
~1000-fold reduced affinity were able to lyse multiple mye-
loma cells (high CD38 expression) with similar efficiency as its
high-affinity counterpart, but only the low-affinity variant
spared healthy hematopoietic cells (low CD38 expression).
Similarly, a moderate affinity EpCAM targeting antibody
showed a larger therapeutic window compared to other higher
affinity antibodies that caused acute pancreatitis.”* A ~40-fold
reduction in affinity of an anti-MET ADC resulted in reduced
liver toxicity while maintaining similar tumor uptake and
efficacy.”” If a specific Fc-effector function contributes to toxi-
city but not efficacy, Fc mutations can tailor the effector func-
tion to improve the therapeutic window.>® The approach of
reducing antibody affinity has also been coupled with increas-
ing antibody valency to further expand the therapeutic window
for bispecific antibodies. For example, avidity-based binding to
HER2 using bispecific antibodies with two binding sites for
HER?2 and one binding site for CD3 resulted in more selective
killing of HER2-overexpressing cells for variants with low
HER? affinity relative to those with high HER2 affinity."*

A related study aimed at improving the in vivo selectivity of
bispecific antibody targeting of model cancer cells with two
targets (HER2 and EGFR) relative to cells with only one target
(HER2) found that reducing both EGFR antibody avidity (i.e.,
monovalent Fab binding) and affinity for a 1 x 1 HER2/EGFR
bispecific antibody (i.e., one Fab specific for HER2 and one
Fab specific for EGFR) was necessary to significantly increase
targeting selectivity.”” Moreover, it has also been shown that
reducing the affinity of antibody Fc regions for FcyRs can
reduce toxicity, such as liver toxicity associated with CD137
antibodies.”® Finally, a different approach to reduce target
engagement on healthy cells is to engineer the Fv or Fc regions
of antibodies to preferentially bind to their corresponding
targets (i.e., antigen or Fc receptor, respectively) at the reduced
pH conditions in the tumor microenvironment, such as pH-
dependent binding for 1) the Fab region binding to HER2 or
EGFR**° or 2) the Fc region binding to FcyRIIIa.>!

However, these previous approaches suffer from two key
inherent limitations. First, attempts to increase the selectivity
of antibody targeting of tumor vs. non-tumor cells typically
result in reduced maximal cell-killing activity. Second,
approaches that use bispecific antibodies such as T-cell enga-
gers typically use nonstandard antibody formats, which suffer
from increased antibody complexity and associated risks
related to increased developability and manufacturing
challenges.

Here, we report an approach to address both previous
limitations, which is summarized in Figure la-d. This
approach uses two closely related variants of a therapeutic
antibody, which are trastuzumab variants in this study. The
first IgG variant, which we refer to as the blocking antibody,

maintains high affinity for the target but contains mutations in
the Fc region to eliminate effector function, thereby blocking
antibody activity on low-expressing cells. The second IgG
variant, which has intact Fc effector functions, has affinity-
reducing mutations in the Fab regions to reduce antibody
binding to cells with low HER?2 levels while maintaining bind-
ing to cancer cells with high HER?2 levels. In some cases, this
variant also has mutations in the Fc domain that increase
effector function to maintain high activity on cells with high
HER?2 levels. Here, we demonstrate that the combinations of
the two trastuzumab variants enable both high selectivity and
effector function activity (ADCC and ADCP) for cells with
high HER?2 levels relative to those with low HER?2 levels.

Results

Reduced antibody affinity increases the selectivity of
activating ADCC reporter cells based on HER2 expression
level

Toward our goal of increasing the selectivity of trastuzumab
for cells with high HER2 levels, we first generated affinity-
reduced variants by introducing mutations into the heavy
chain CDRs and selecting for mutants with reduced affinity
using yeast-surface display (see Methods for details). This
resulted in the isolation of two variants, namely S4 and S12
(Figure 2a), which we produced as Fab fragments (Figure S1)
and characterized in terms of their monovalent affinities
(Figure 2b). The S4 Fab variant displayed the weakest affinity
(Kp > 150nM) for high HER2 cells (HCC1954, denoted as
HER2""), and its binding levels did not saturate at the highest
tested Fab concentration (600 nM). The S12 Fab variant bound
with intermediate affinity (Kp of 44.1 £ 6.5 nM) relative to
wildtype (WT) (Kp of 9.1 + 1.2 nM).

We next reformatted the antibodies as IgGs, produced and
purified them (Figure S1), and evaluated their binding to cell
lines with high (HER2™*) and low (MDA-MB-231, denoted as
HER2") HER?2 levels (Figure 2c-d). These cell lines have ~
1-3 million (HER2*") and ~30,000-40,000 (HER2") recep-
tors per cell, the latter of which is similar to estimates of
~10,000-35,000 HER2 receptors per cell on healthy tissue.”” >’
Interestingly, we observed similar binding of the three IgGs to
the HER2™"" cells (EC5, values of 1.4-2.1 nM; Figure 2c).
However, the S4 IgG binds much weaker to the HER2" cells
(ECsp > 20 nM) relative to the S12 (ECsq of 1.19 + 0.19 nM) and
WT (ECsp of 0.75+0.15nM) antibodies (Figure 2d). These
findings suggest that the bivalent nature of the S4 IgG is suffi-
cient to mediate high avidity binding to HER2™™" cells, but its
low intrinsic affinity is insufficient to mediate strong binding to
HER2" cells. These findings are consistent with our primary
goal of generating trastuzumab mutants with high avidity and
low affinity, herein referred to as HALA Variants.

To test our hypothesis that the reduced binding of the S4
IgG to HER2" cells would increase selectivity of activating
ADCC (FcyRIIIa) reporter cells based on HER2 expression,
we next conducted experiments using trastuzumab and the
two affinity-reduced variants (Figure S2). As expected, we
observe little difference between the three antibody variants
in terms of activating FcyRIIIa for HER2™" cells (ECs, values
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Figure 1. Proposed strategy to increase the selectivity of antibody-mediated effector function for target cells with elevated antigen expression using mixtures of
engineered antibodies. (a) Wild-type trastuzumab, which has high affinity for its antigen (HER2), binds strongly to cells with either high (HER2***) or low (HER2") levels
of antigen, and is expected to mediate relatively high effector function in both cases. This is expected to result in a relatively low effector function ratio for cells with
high HER2 levels versus those with low HER2 levels. (b) An engineered version of trastuzumab, namely a high avidity low affinity (HALA) variant, is expected to bind
strongly to HER2**™ cells and weakly to HER2™ cells. This is expected to result in an increase in the effector function ratio, which is primarily due to reduced effector
function on HER2" cells. (c) A mixture of the HALA antibody and an effectorless version of trastuzumab that has high HER2 affinity but little affinity for activating
FcyRs - referred to as a blocking antibody - is expected to result in a high selectivity with moderate effector function. (d) A mixture of the Fc-enhanced HALA antibody
and the blocking antibody is expected to result in high effector function and high selectivity. This is posited to be due to both the accumulation of the 1) Fc-enhanced
HALA antibody in the synapses involving HER2*** cells, which would lead to high effector function, and 2) effectorless (high affinity) trastuzumab antibody in the
synapses involving HER2* cells, which would lead to high selectivity. Together, the mixture of the Fc-enhanced HALA antibody and effectorless, high-affinity blocking

antibody is expected to lead to both high selectivity and high effector function.

1.06 £ 0.34 nM for WT, 1.59 £ 0.35 nM for S12 and 1.51 + 0.80
nM for §4), while the S4 IgG is the least potent antibody for the
HER2" cells (ECsq values 0.27 0.1 nM for WT, >2.5nM for
$12 and >10 nM for S4). The ratio of activity as a function of
antibody concentration demonstrates that S4 IgG is most
selective for HER2™™ cells, especially in the concentration
range of 0.13-1.3 nM. Relative to WT and S12 IgG, S4 IgG
displays statistically significant increases in selectivity for
HER2"™ cells at antibody concentrations of 0.14-1.2 nM
(Figure S3).

We also observed similar behavior for Fc-modified versions
of the three trastuzumab variants (Figure S2). Five mutations
in the Cy2 and Cy3 regions, which have been previously
reported to increase ADCC activity,”® were introduced into
the trastuzumab variants (herein referred to as enhanced Fc 1
or eFcl), revealing that the three antibodies displayed similar
activity for HER2"*™ cells (ECs values 0.37 = 0.19 nM for WT-
eFcl, 0.41 £ 0.16 nM for S12-eFcl and 0.42 + 0.35 nM for S4-
eFcl), while the S4-eFcl IgG is the least potent for HER2" cells
(ECsp values 0.09 +0.01 nM for WT-eFcl, 0.12 +0.02 nM for
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Figure 2. Binding affinity measurements for Fab fragments and IgGs corresponding to trastuzumab and its affinity-reduced mutants. (a) The panel of antibodies, which
represents wild-type trastuzumab (WT) and two affinity-reduced variants (S12 and S4), was evaluated in the (b) Fab or (c-d) IgG formats for binding to (b-c) HER2***
(HCC1954) or (d) HER2* (MDA-MB-231) cells. The measurements were performed using flow cytometry, and the error bars are standard errors (n = 3).

S12-eFcl and 3.49 £ 1.00 nM for S4-eFcl). The ratio of activity
as a function of antibody concentration demonstrates that S4-
eF1 IgG is most selective for HER2™™ cells, especially in the
concentration range of 0.015-0.14 nM. Relative to WT-eFcl
and S12-eFcl, S4-eFcl displays statistically significant
increases in selectivity for HER2""" cells at antibody concen-
trations of 0.015-3.7 nM (Figure S3).

Finally, we evaluated tradeoffs between the maximum activ-
ity and selectively for activating ADCC reporter cells based on
HER?2 expression level (Figure S2). For the WT and S12 IgGs,
we observed relatively high maximum activities (74-75-fold
relative to control), but relatively low maximum selectivities
(6.3-7.0 ratios of activity at a given antibody concentration). In
these cases, the eFcl variants further increased maximum
activity (98.0-102.3) but reduced selectivity (2-4-fold). In con-
trast, the S4 IgG showed a similar, albeit slightly lower, max-
imum activity (68.1 2.9 relative to 74-75 for WT and S12)
but with increased selectivity (11.4 + 0.3 relative to 6.3-7.0 for
WT and S12). Interestingly, the S4-eFcl IgG further increased
activity (94.7 £4.5) without reducing selectivity (11.5+0.6).
Collectively, these results demonstrate that the S4-eFcl IgG
has the best combination of maximum activity and selectivity
for activating ADCC reporter cells based on HER2 expression
level.

Mixtures of affinity-reduced and effectorless blocking
antibodies maximize ADCC activity and selectivity

We next sought to further improve the selectivity of activa-
tion of ADCC reporter cells in a manner dependent on
HER2 expression level using mixtures of two trastuzumab
variants based on our hypothesis summarized in Figure 1d.
Therefore, we first tested the binding of mixtures of two

types of antibodies, namely fluorescently labeled WT trastu-
zumab or HALA variants with reduced HER2 affinities in
the presence of an unlabeled blocking version of trastuzu-
mab that retains high HER?2 affinity (WT Fab regions) but is
engineered to be effectorless (herein referred to as the
“blocker”; Figure 3). For WT:blocker mixtures, WT trastu-
zumab binding was progressively reduced to both HER2™"*
and HER2" cells as the mixture ratio is increased (Figure 3a-
b), resulting in maximum HER2*""/HER2" binding ratios
that were similar with and without the blocking antibody
(Figure 3c). The ratio values are generally similar to the ratio
of expression levels for the two cell lines. However, S12:
blocker mixtures resulted in much stronger reduction in
binding to HER2" cells (Figure 3e) relative to HER2™""
cells (Figure 3d), resulting in increased binding ratios for
the mixtures relative to the single S12 IgG (Figure 3f). For
1:1 mixtures, the increased binding selectivity was statisti-
cally significant at S12 IgG concentrations of ~1-10 nM
(Figure S4). In contrast, S4:blocker mixtures resulted in
strong reductions in binding to both HER2™™" (Figure 3g)
and HER2" (Figure 3h) cells, resulting in lower binding
ratios than those for the S4 IgG alone (Figure 3i).

After quantifying the binding ratios on cells, we tested the
ADCC reporter cell activity for the effector-competent WT,
S12, and S4 IgGs in the presence of different ratios of the
effectorless blocker (Figure 4). For mixtures with WT trastu-
zumab IgG, we find that increasing WT IgG:blocker ratios
progressively reduces the maximum activity for HER2™"
cells (Figure 4a). Equimolar (1:1) mixtures result in
a maximum activity of 53% relative to the WT IgG alone,
while the other mixtures with higher blocker ratios have
lower maximum activities (40% for 1:2, 26.7% for 1:4 and
21% for 1:8 antibody:blocker ratio relative to WT IgG alone).
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Figure 3. Mixtures of HALA and blocker antibody variants of trastuzumab increase the specificity of HALA antibodies for HER2*** cells. (a-b) The binding signal for
fluorescently labeled wild-type trastuzumab (WT) or HALA variants (S12 and S4) with different ratios of an unlabeled blocking antibody (trastuzumab with Fc mutations
that eliminate effector function) corresponding to (a) HER2*** and (b) HER2" cells, as well as (c) the ratio of binding for fluorescently labeled WT trastuzumab at each
antibody mixture concentration for HER2*** relative to HER2™ cells. (d-e) The binding signal for fluorescently labeled S12 with different ratios of the unlabeled blocking
antibody corresponding to (d) HER2*** and (e) HER2" cells, as well as (f) the binding ratio. (g-h) The binding signal for fluorescently labeled S4 with different ratios of
the unlabeled blocking antibody corresponding to (g) HER2*** and (h) HER2™ cells, as well as (i) the binding ratio.

A similar trend is observed for the same antibody mixtures on
HER2" cells, although the overall activation levels are reduced
slightly more than those for HER2™™" cells (Figure 4b).
Notably, WT:blocker ratios of 1:4 and 1:8 reduce maximum
activation levels to near baseline values. This results in activa-
tion ratios that are highest for the 1:4 and 1:8 WT:blocker
ratios (Figure 4c).

The S12:blocker (Figure 4d-f) and S4:blocker (Figure 4g-i)
results display similar qualitative trends with key quantita-
tive differences relative to the WT:blocker results. First, as
observed for the 1:1 WT:blocker ratio (Figure 4a), the 1:1
S12:blocker (Figure 4d) and 1:1 S4:blocker (Figure 4g) ratios
also result in the highest activities for HER2™™ cells com-
pared to antibody mixtures at different ratios (i.e., the lowest
blocker levels result in the highest activation). Interestingly,
increasing antibody concentrations (even at the same blocker
ratio) inhibit activation, including at concentrations >10 nM
for S12 mixtures and >3 nM for S4 mixtures. Second, 1:1
S12:blocker (Figure 4e) and 1:1 S4:blocker (Figure 4h) mix-
tures are sufficient to eliminate activity on HER2" cells,

which is unique relative to the behavior observed for the
WT:blocker mixtures. Third, the low activity of the 1:1 S12:
blocker and 1:1 S4:blocker mixtures for HER2" cells leads to
higher selectivity, as judged by the HER2"""/HER2" ratios at
each antibody concentration, including maximum values of
36 for S12 mixtures and 30 for S4 mixtures relative to 10.5
for WT mixtures (Figure 4f,i). Fourth, the increased selectiv-
ity of Sl2:blocker mixtures relative to S12 alone was
observed at a broad antibody concentration range (statisti-
cally significant differences at 0.4-100 nM), while the corre-
sponding S4:blocker mixtures displayed increased selectivity
at a smaller range of concentrations (statistically significant
differences at 0.3-4 nM; Figure S5).

We next evaluated tradeoffs between maximal activity and
selectivity as a function of HER2 expression level (Figure 4j-1).
For the WT:blocker mixtures, the maximum activity was
strongly reduced as the antibody ratio was increased, while
the selectivity only modestly increased and was maximal at the
ratios corresponding to the lowest maximal activity (1:8 and
1:4 WT:blocker ratios; Figure 4j). In contrast, the S12:blocker
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Figure 4. Mixtures of HALA and blocker antibody variants of trastuzumab increase the selectivity for activating ADCC reporter cells based on the level of HER2
expression. (a-b) The fold activation of FcyRllla (ADCC reporter cells) for mixtures of wild-type trastuzumab (WT) and different ratios of a blocking antibody
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(i) the ratio of activities. (j-) Comparison of the maximum activities relative to the maximum selectivities for (j) WT:blocker mixtures, (k) S12:blocker mixtures, and (I) S4:
blocker mixtures. In (a-l), the data are averages of three independent experiments, and the error bars are standard errors. In (k-1), the gray data and line correspond to

the WT:blocker data shown in (j).

and S4:blocker mixtures displayed maximal selectivities at
ratios with intermediate maximal activity (1:1 ratios;
Figure 4k,1). At high S12:blocker and S4:blocker ratios (1:8
and 1:4), the mixtures displayed reduced selectivity along
with low maximal activity.

The antibody mixtures significantly improved the selec-
tivity of effector function relative to a single antibody, but
the maximum activity was reduced. In an attempt to achieve
high maximum activity while maintaining or improving the

selectivity of the antibody mixtures for activating ADCC
reporter cells based on HER2 expression levels, we next
evaluated mixtures using antibodies with enhanced Fc
regions (Figure 5). The WT-eFcl antibody displayed ~35%
higher maximal activity for HER2"" cells (Figure 5a) rela-
tive to the non-enhanced WT antibody (Figure 4a), and this
activity was progressively reduced as blocker ratio increased
(Figure 5a). This resulted in ~60% reduction in maximum
activity at the highest blocker ratio (1:8), which is a smaller
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Figure 5. Mixtures of HALA antibodies with enhanced FcyRllla affinity and blocking antibodies maximize activity and selectivity while minimizing tradeoffs. (a-b) The
fold activation of FcyRllla (ADCC reporter cells) for mixtures of wild-type trastuzumab with enhanced Fc1 (wt-eFc1) and different ratios of a blocking antibody
corresponding to (a) HER2*** and (b) HER2" cells, as well as (c) the ratio of HER2***/HER2* activities. (d-e) The fold activation for mixtures of S12-eFc1 with different
ratios of the blocking antibody corresponding to (d) HER2*** and (e) HER2" cells, as well as (f) the ratio of activities. (g-h) The fold activation for mixtures of S4-eFc1
with different ratios of the blocking antibody corresponding to (g) HER2*** and (h) HER2* cells, as well as (i) the ratio of activities. (j-I) Comparison of the maximum
activities relative to the maximum selectivities for (j) wt-eFc1:blocker mixtures, (k) S12-eFc1:blocker mixtures and (L) S4-eFc1:blocker mixtures. In (a-l), the data are
averages of three independent experiments, and the error bars are standard errors. In (k-I), the gray data and line correspond to the wt-eFc1:blocker data shown in (j).

reduction than that observed for the corresponding non-
enhanced 1:8 WT:blocker mixtures (~80% reduction;
Figure 5a). However, the WT-eFcl antibody also displayed
relatively high maximal activity on HER2" cells, and this
activity was progressively reduced as the blocker ratio was
increased (Figure 5a). This resulted in~75% reduction in
activity at the highest blocker ratio (1:8), which is also
a smaller reduction than that observed for the non-
enhanced 1:8 WT:blocker mixtures (~85% reduction;
Figure 4a). This modest ability of the blocking antibody to

reduce activity on HER2" cells results in low selectivity,
including a maximal HER2"""/HER2" activation ratio of 16
for WT-eFcl:blocker mixtures (Figure 5c).

In contrast, the S12-eFcl:blocker and S4-eFcl:blocker mix-
tures displayed unique patterns of behavior (Figure 5d-i). For
the S12-eFcl:blocker mixtures, increasing antibody ratios led
to some reduction in maximal activity on HER2*™ cells,
including a ~60% reduction of maximum activity for the high-
est antibody ratio (1:8; Figure 5d), which is similar to that
observed for the WT-eFcl:blocker mixtures (Figure 5a).
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However, the maximum activity with the blocker is similar to
the WT antibody alone (Figure S2). High antibody concentra-
tions progressively reduce activity, as observed for the corre-
sponding non-enhanced mixtures (Figure 4d), at
concentrations >3-10 nM for the different S12-eFcl mixtures
(Figure 5d). Notably, the S12-eFcl:blocker mixtures were
unable to fully inhibit activity on HER2" cells except at the
highest ratios (1:8 and 1:4; Figure 5e), which is unique relative
to the non-enhanced S12:blocker mixtures (Figure 4e). This
results in maximal selectivity at the highest antibody ratios for
the S12-eFcl:blocker mixtures (1:8 and 1:4; Figure 5f), which is
different than the optimal antibody ratio (1:1) for the non-
enhanced S12:blocker mixtures (Figure 4f). However, even at
a suboptimal S12-eFcl:blocker ratio of 1:1, we observed statis-
tically significant increases in selectively relative to the corre-
sponding selectivity for S12-eFcl (0.4-100 nM for the 1:1
mixtures; Figure S6).

For the S4-eFcl:blocker mixtures, we observe higher
maximal activities for HER2*™" cells (Figure 5g) than that
for the corresponding non-enhanced S4:blocker mixtures
(Figure 4g). Notably, the S4-eFcl:blocker mixtures do not
show activity on HER2" cells (Figure 5h), as also observed
for S4:blocker mixtures (Figure 4h), which results in
increased selectivities for the S4-eFcl:blocker mixtures
(Figure 5i) relative to S4:blocker mixtures (Figure 4i).
Moreover, statistically significant increases in selectivity of
S4-eFcl:blocker mixtures relative to S4-eFcl alone were
observed at a relatively broad range of antibody concentra-
tions (0.4-33 nM for 1:1 mixtures; Figure S6).

Notably, the tradeoffs between maximal activity and selec-
tivity displayed several unique patterns of behavior for the
enhanced Fc variants (Figure 5j-1) relative to their WT coun-
terparts (Figure 4j-1). For the WT-eFcl:blocker mixtures, the
maximum activity was strongly reduced as the antibody:
blocker ratio was increased, while the selectivity was largely
unchanged (Figure 5j). In comparison, the WT Fc variants
displayed lower maximal activity with modestly higher selec-
tivity (Figure 4j). The maximal activity of the S12-eFc1:blocker
mixtures was also significantly reduced as the antibody:blocker
ratio increased, but the selectivity progressively increased
(Figure 5k). This resulted in the maximum selectivities at the
highest S12-eFcl:blocker ratios (1:4 and 1:8, which were not
statistically different), while an intermediate antibody ratio
was optimal for the S12:blocker mixtures (1:1; Figure 4k).
Notably, the maximum activity (39 for 1:8 S12-eFcl:blocker
and 40 for 1:1 S12:blocker) and selectivity (40 for 1:8 S12-eFcl:
blocker and 35 for 1:1 S12:blocker) for the two different mix-
tures was similar. Finally, the maximum activity of the S4-eFcl
:blocker mixtures was reduced as the antibody ratio increased,
with maximum selectivity at 1:1 and 1:2 antibody ratios (not
statistically different; Figure 51), which is higher than the
corresponding S4:blocker mixtures (Figure 4l). Importantly,
the 1:1 S4-eFcl:blocker mixture resulted in higher maximum
activity and selectivity relative to the corresponding non-
enhanced mixtures, including an activity of 72-fold induction
for 1:1 S4-eFcl:blocker versus 29-fold for 1:1 S4:blocker and
a selectivity ratio of 53 for 1:1 S4-eFcl:blocker versus 32 for 1:1
S4:blocker. Overall, the 1:1 S4-eFcl:blocker mixture was able
to achieve high activity (72-fold induction; Figure 51) that was

similar to the maximum activation of the ADCC reporter cells
for any of the non-Fc enhanced antibodies (71- to 78-fold
induction for WT, S12, and S4; Figure S2) while achieving
a 53-fold selectivity compared to the lower (6- to 11-fold)
selectivity observed when only modifying the Fab affinity
(WT, S12, or S4 alone; Figure 4).

We next tested three additional questions related to our
findings. First, do our findings translate to authentic ADCC
activity and not simply the activation of FcyRIIIa using ADCC
reporter cells? Second, do our findings translate to additional
cancer cell lines with either high or low HER2 expression?
Third, do we observe similar findings for different allotypes
of FcyRIIla? To test these questions, we evaluated ADCC
activity for S4-eFcl in the presence and absence of the blocking
antibody (1:1 ratio) using two HER2™™" cell lines, namely
HCC1954 (~1-3 million receptors per cell) and NCI-N87
(~1-2 million receptors per cell),”** and two HER2" cell
lines, namely MDA-MB-231 (~30,000-40,000 receptors per
cell) and CAPAN-1 (~15,000-20,000 receptors per cell),*>*!
with peripheral blood mononuclear cells (PBMCs) of different
allotypes (Figure 6). Notably, we observe a strong decrease in
ADCC activity (i.e., target cell lysis) in the presence of the
blocking antibody for both cell lines with low HER2 expres-
sion, but not for both cell lines with high HER2 expression
(Figure 6a-b). These results were similar for both FcyRIIla
allotypes (VV and FF at position 158) and resulted in increased
HER2"""/HER2" lysis ratios (Figure 6¢). Overall, these find-
ings highlight that the S4-eFcl:blocker mixture is able to
increase the selectivity of ADCC based on the HER2 expres-
sion across different cell lines and allotypes.

Engineered antibody mixtures also maximize activity and
selectivity for antibody-dependent cellular phagocytosis

Our finding that mixtures of engineered antibodies could sig-
nificantly improve ADCC selectivity while maintaining high
maximum activity motivated us to test if this is also possible to
accomplish for a second effector function, namely ADCP.
Interestingly, we observed that the effector-competent I1gGs
(WT, S12 and S4) - in the absence of a blocking antibody -
selectively displayed high ADCP reporter cell activity with
HER2""* cells but not HER2" cells (Figure S7). Moreover, we
observed similar levels of ADCP reporter signal on HER2"""
cells when using equivalent IgGs with eFcl mutations, while
also observing a lack of ADCP signal with HER2" cells (Figure
S8). However, when using a different set of previously reported
mutations in the Fc region to enhance effector function,*
which we herein denote as eFc2, we observed ~3x greater
maximum ADCP signaling activity on HER2™™" cells as well
as weaker but significant activity on HER2" cells (Figure S7).
For the WT-eFc2 and S12-eFc2 IgGs, this resulted in much
lower activation ratios relative to the equivalent antibodies
with WT Fc regions. However, the maximum ratio for the S4-
eFc2 IgG was larger than the equivalent antibody with a WT Fc
region. The S4-eFc2 IgG displayed statistically higher ADCP
receptor selectivity for HER2™" cells at antibody concentra-
tions of 0.015-3.7 nM relative to WT-eFc2 and 0.046-3.7 nM
relative to S12-eFc2 (Figure S9).
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Figure 6. Mixtures of HALA antibodies improve the selectivity of ADCC based on HER2 expression level. (a) The percentage of cancer cells lysed for S4-eFc1 (10 nM)
alone and with a 1:1 blocker ratio for cell lines with different HER2 expression levels and effector cells with different FcyRllla allotypes. (b) The percentage reduction of
cancer cell lysis corresponding to the results in (a). (c) The ratio of the percent lysis of cancer cells corresponding to those with high HER2 expression relative to low
HER2 expression. In (a-c), the data are averages of two independent experiments, and the error bars are standard deviations.

We next tested if the selectivity of the eFc2 antibodies for
activating the ADCP reporter cells could be increased by
combining them with an effectorless blocking antibody similar
to ADCC activity (Figure 7). For WT-eFc2:blocker mixtures,
the maximum activity was modestly impacted for HER2™**
cells (Figure 7a) but strongly reduced for HER2" cells
(Figure 7b), which resulted in activation ratios that were
much larger than those for WT-eFc2 IgG alone (Figure 7c).
The highest selectivity for the WT-eFc2:blocker mixtures was
observed at a ratio of 1:8, which improved the selectivity by 10-
fold relative to WT-eFc2 IgG alone while modestly reducing
the maximum activity for HER2""" cells by 28%. Moreover,
the increased selectivity of WT-eFc2:blocker mixtures relative
to WT IgG alone was observed at a broad antibody concentra-
tion range (statistically significant differences at 0.1-100 nM
for 1:1 mixtures; Figure S10).

The results for the S12-eFc2 and S4-eFc2 mixtures showed
similar qualitative trends but also important differences

relative to the WT-eFc2 mixtures (Figure 7d-i). Both of the
affinity-reduced antibodies displayed similar maximum acti-
vation in the presence of a blocking antibody for HER2™*
cells — especially at low S12:blocker and S4:blocker ratios
(Figure 7d,g) — while largely eliminating activity on HER2"
cells (Figure 7e,h). This results in relatively high maximum
activation ratios (Figure 7f,i), especially for S4-eFc2 mixtures.
The increased selectivity of S12-eFc2 and S4-eFc2 antibodies in
the presence of a blocker was observed at a broad antibody
concentration range (statistically significant differences at
0.1-100 nM for 1:1 S12-eFc2:blocker mixtures and 1-100 nM
for 1:1 S4-eFc:blocker mixtures; Figure S10). A comparison of
the maximum activity and selectivity at each IgG:blocker ratio
(Figure 7j-1) reveals that the S4-eFc2:blocker mixture at a ratio
of 1:2 leads to the optimal combination of high ADCP reporter
activity (maximum fold induction of 395 relative to 402 for the
S12-eFc2 IgG alone) and selectivity (ratio of 395 relative to 21
for the S12-eFc2 IgG alone). However, the maximal activity
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Figure 7. Mixtures of HALA antibodies with enhanced FcyRlla activity and blocking antibodies maximize activity and selectivity while minimizing tradeoffs. (a-b) The
fold activation of FcyRlla (ADCP reporter cells) for mixtures of wild-type trastuzumab with enhanced Fc2 (wt-eFc2) and different ratios of a blocking antibody
corresponding to (a) HER2*** and (b) HER2" cells, as well as (c) the ratio of HER2***/HER2" activities. (d-e) The fold activation for mixtures of S12-eFc2 with different
ratios of the blocking antibody corresponding to (d) HER2*** and (e) HER2™ cells, as well as (f) the ratio of activities. (g-h) The fold activation for mixtures of S4-eFc2
with different ratios of the blocking antibody corresponding to (g) HER2*** and (h) HER2* cells, as well as (i) the ratio of activities. (j-I) Comparison of the maximum
activities relative to the maximum selectivities for (j) wt-eFc2:blocker mixtures, (k) S12-eFc2:blocker mixtures and (I) S4-eFc2:blocker mixtures. In (a-l), the data are
averages of three independent experiments, and the error bars are standard errors. In (k-1), the gray data and line correspond to the wt-eFc2:blocker data shown in (j).

and selectivity for the 1:2 S4-eFc2:blocker ratio is not statisti-
cally different than the corresponding values for both proper-
ties for the 1:1 and 1:4 ratios, although the maximum activity
for the 1:2 S4-eFc2:blocker ratio is statistically larger than that
for the 1:4 ratio while the maximum selectivity for the 1:2 ratio
is statistically larger than that for the 1:1 ratio. Overall, the
combination of a blocker antibody with the S4-eFc2 antibody
was able to increase both the maximum ADCP reporter activ-
ity (395-fold) and selectivity (396-fold; Figure 7) relative to any
of the antibodies alone (105-fold activity and 105-fold selectiv-
ity; Figure S7)

Similar to the ADCC analysis in Figure 6, we also
evaluated whether our findings for the ADCP reporter
cells translate to authentic ADCP activity, including for
different cancer cell lines and FcyRIla allotypes
(Figure 8). To address these questions, we evaluated
ADCP activity for S4-eFc2 in the presence and absence of
blocker (1:1 ratio) using two HER2*™* (HCC1954 and
NCI-N87) and two HER2" (MDA-MB-231 and CAPAN-
1) cell lines for two FcyRIla allotypes (HH and RR at
position 131). Notably, we observed almost complete
blocking in ADCP activity (i.e., target cell phagocytosis)
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Figure 8. Mixtures of HALA antibodies improve the selectivity of ADCP based on HER2 expression level. (a) The percentage of cancer cell phagocytosed for S4-eFc2 (10 nM)
alone and with a 1:1 blocker ratio for cell lines with different HER2 expression levels and effector cells with different FcyRlla allotypes. (b) The percentage reduction of cancer
cell phagocytosis corresponding to the results in (a). In (a-b), the data are averages of two independent experiments, and the error bars are standard deviations.

in the presence of the blocking antibody for both cell lines
with low HER2 expression, while we observed little block-
ing for both cell lines with high HER2 expression
(Figure 8a-b). These findings highlight that the S4-eFc2:
blocker mixture is able to increase the selectivity of ADCP
based on the HER2 expression level across different cell
lines and FcyRIIa allotypes.

Discussion

Achieving high activity in target tissues while minimizing toxi-
city-associated activity in healthy tissues is one of the paramount
design features of biologics, particularly regarding powerful
immune mediation through Fc-effector function. In this work,
we used combinations of blocker antibodies and therapeutically
active antibodies, the latter of which were engineered with vari-
able Fab and Fc affinities to improve the activity and selectivity of
these agents. By both reducing the Fab affinity and increasing the
Fc affinity of the effector-competent antibody, we were able to
achieve maximum effector function while dramatically improving
the selectivity, which could not be achieved by modulating the
Fab and/or Fc affinity of a single antibody alone.

One of the most interesting findings in our work is the
interplay between the HALA Fab affinity for HER2 and its
corresponding Fc affinity for Fcy receptors in mediating effector
function. The ADCC selectivity for the mixtures with HALA
antibodies containing WT Fc regions (Figure 4) was similar to
the binding specificity to cancer cells measured in the absence of
FcyR-expressing effector cells (Figure 3). We posit this is

because the affinities of human IgG1 Fc for FcyRIlla (CD16a)
are relatively weak [~400 nM (V158) and 1100 nM (F158)]'°
and thus have little impact on antibody binding in the synapse
or the resulting effector function. However, when the Fab affi-
nity of the antibody was reduced, we observed a disconnect
between selectivity in the presence and absence of effector
reporter cells. For example, the ADCC selectivity of S12-eFcl
was reduced due to increased ADCC activity on HER2" cells
(Figure 5e) despite low binding of S12-eFcl to HER2" cells in
the absence of effector cells (Figure 3e). We posit this is because
the increased affinity of eFcl for FcyRIIla [~90 nM (V158) and
~160 nM (F158)] - coupled with the intermediate affinity of S12
for HER2 (~45nM) - is sufficient to mediate antibody binding
in the synapse and increase ADCC activity, thereby reducing
selectivity. This is a type of heterotypic avidity, where high-
affinity Fc binding to the effector cell aids the binding of the
lower affinity Fab arm on the cancer cells, allowing it to out-
compete the higher Fab affinity of the blocking antibody that
lacks Fc binding and therefore an avidity effect. In contrast, we
observe that S4-eFcl maintains high ADCC selectivity
(Figure 5i), which we expect is because its affinity for HER2
(>300 nM) is too low to synergize with the increased affinity of
eFcl for FcyRlIlIa, which does not result in antibody binding in
the synapse for HER2" cells, thereby maintaining high ADCC
selectivity. Finally, we observe a similar but weaker effect for
ADCP, as S12-eFc2 shows a modest level of ADCP for HER2"
cells that is not observed for S4-eFc2, which may be due to
a similar mechanism via FcyRITa (CD32a)-mediated binding
of S12-eFc2 in the synapse for HER2" cells.
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Our findings share several similarities and differences
relative to previous studies, which deserve further considera-
tion. First, our finding that reducing antibody affinity
increased the binding selectivity and maximum activity for
HER2*™ cells relative to HER2" cells is consistent with
related bispecific antibody and CAR-T studies involving
several different receptors, including HER2, CD38, and
EpCAM.'***** Notably, these studies used relatively large
reductions of antibody affinity to achieve increased specifi-
city, such as 150-fold affinity reduction for HER2,'*
400-500-fold affinity reduction for EpCAM,** and 1000-
fold affinity reduction for CD38.>* In contrast, our approach
only requires relatively modest reductions in affinity, such as
~5-fold for S12 IgG and ~30-fold for S4 IgG. In some of the
former studies, the impact of reducing affinity to increase
specificity generally also reduced maximum activity. For
example, for bispecific antibodies targeting HER2, lower
affinity led to 30% to 50% reduced activity.'* In contrast,
our optimized approach using antibody mixtures targeting
HER2 with enhanced Fc regions achieves similar maximum
ADCC activity (4.4% reduction) and increased maximum
ADCP activity (183% increase) relative to trastuzumab
monotherapy while increasing selectivity for HER2"™ cells.

It is also notable that antibody mixtures, including those
involving trastuzumab, have been reported previously, but the
goals of these former studies were highly dissimilar to those of
this study.”™* In particular, antibody mixtures have been
used to overcome the binding-site barrier and increase anti-
body penetration into solid tumors.*> ADCs are typically
administered at lower doses than unconjugated IgGs due to
the dose-limiting toxicity of the small molecule payload, which
has the unfortunate consequence of typically reducing ADC
tissue penetration. To overcome this limitation, co-
administration of an ADC (ado-trastuzumab emtansine,
T-DM1) along with unconjugated trastuzumab improves
tumor penetration and results in significantly better efficacy
compared to T-DM1 alone.** However, it is notable that this
approach accomplishes a different goal than the one in our
study, as the former approach reduces the amount of bound
ADC on both high- and low-expression cells at the outer
region of the tumor using the unconjugated, high-affinity anti-
body to compete for binding and internalization to enable
greater penetration of the ADC into the tumor core. In con-
trast, our approach seeks to fully block low-expression cells
while maximizing activity on high-expression cells.

More generally, our findings highlight a powerful approach
for reducing toxicities associated with off-tumor targeting,
which is not only important for toxicities associated with anti-
body-mediated effector functions, but also for toxicities asso-
ciated with other potent therapies.**™*® For example, ADCs
and T cell engagers exert strong anti-tumor effects through
specific binding to their target antigens, but off-tumor, on-
target toxicities are commonly observed for such therapies.***”
Some T cell-activating antibodies, such as the CD137 agonist
urelumab, display severe liver toxicity,*® and the use of bispe-
cific versions of such antibodies to restrict antibody-mediated
receptor activation to the tumor microenvironment has
improved the therapeutic window of such therapies.*>>°
Nevertheless, we expect that our approach will provide an

attractive alternative for achieving high selectivity for similar
applications as conventional bispecific T cell engagers while
maintaining the native IgG format of most approved thera-
peutic antibodies, which is generally more stable, developable,
and safer for clinical applications.

Materials and methods
Cloning and recombinant antibody expression

For trastuzumab mutants with WT Fc, VH genes were digested
with EcoRI-HF (NEB, R3101L), and Nhel-HF (NEB, R3131L),
VL genes were digested with EcoRI-HF and BsiWI-HF (NEB,
R3553L). pTT5 mammalian expression plasmids containing
a common human IgG1l heavy or light (kappa) chain frame-
work were digested with appropriate restriction enzymes and
treated with calf intestinal alkaline phosphatase (NEB,
MO0525L). Digested inserts and vectors were analyzed by elec-
trophoresis using a 1% agarose gel, purified by Qiagen Gel
Extraction protocol, ligated with T4 ligase (NEB, M0202L),
and transformed by heat shock into DH5a E. coli cells.
Sequences were confirmed by Sanger sequencing. Fab frag-
ments of trastuzumab mutants were similarly cloned into
modified pTT5 mammalian expression plasmids containing
IgG1 CH1 or CL framework (linked with a His-tag).

For trastuzumab mutants with mutated Fc, enhancing Fc
fragments were ordered as gBlocks (IDT) and replaced the WT
Fc by overlap PCR. Five mutations (L235V, F243L, R292P,
Y300L, and P396L) were introduced for eFcl, three mutations
(G236A, S239D, 1332E) were introduced as eFc2, and three
mutations (L234A, L235A, and P329G) were introduced as
effectorless Fc. The new heavy chains were digested with
EcoRI-HF (NEB, R3101L) and BamHI-HF (NEB, R3136L)
and inserted into pTT5 mammalian expression plasmids.

For IgG and Fab expression, the CHO-3E7 cell line
(National Research Council Canada, L-11992) was cultured
in 50 ml disposable conical tubes with F17 (Thermo Fisher
Scientific, 50591354) media with 4 mM L-glutamine and
0.1% Kolliphor P188. The cultures were incubated at 37°C
and 250 rpm. Soluble IgGs were produced via transient trans-
fection (30 ml) using 12.5 ug each of heavy and light chain
plasmids mixed with 100 pg polyethylenimine (PEI MAX;
Polysciences Inc., 247651). After transfection, 15mM
Glucose, 1.0% Tryptone N1 (TN1; TekniScience, 19553) and
0.5mM Valproic Acid (VPA; Sigma, P4543) were added to
each batch. Six days after transfection, cultures were centri-
fuged at 3500 x g for 40 min. Supernatants were collected into
new tubes.

For IgG purification, 0.5 ml dry volume of Protein A beads
(Thermo Fisher Scientific, 20333) per tube was added.
Mixtures were gently shaken at 4°C overnight. Protein
A beads were then collected by vacuum filter columns
(Thermo Fisher Scientific, 89898) and then washed with
around 100ml of phosphate-buffered saline (PBS).
Antibodies were then eluted by 1 ml of 0.1 M glycine buffer
(pH 3.0) and then was buffer exchanged to 0.1 M acetate (pH
5.0) with Zeba desalting columns (Thermo Fisher Scientific,
89890). For Fab fragments, 0.5 ml dry volume of Ni-NTA
beads (Qiagen, 30210) per tube was added. Mixtures were



gently shaken at 4°C overnight. Beads were collected by
vacuum filter columns and then washed with around 100 ml
of PBS. Fab fragments were washed with 50 mM imidazole and
eluted with 1 ml of 100 mM imidazole, then buffer-exchanged
to 0.1 M acetate (pH 5.0). After measuring the concentration,
IgGs and Fab fragments were aliquoted and stored at -80°C.

IgG and Fab fragments were further purified by preparative
size-exclusion chromatography (SEC) using a Shimadzu
Prominence semi-prep HPLC System outfitted with an LC-
20AT pump, SIL-20AC autosampler, and FRC-10A fraction
collector. Proteins were loaded onto an SEC column (Superdex
200 Increase 10/300 GL column; GE, 28990944) and analyzed
at 0.75 mL/min using a PBS running buffer with 200 mM
arginine (pH 7.4). After purification, IgG and Fab fragments
were buffer exchanged into PBS with Zeba desalting columns
(Thermo Fisher, 89890), aliquoted, snap frozen, and stored
at -80°C.

Antibody labeling

Fab fragments or IgGs were concentrated to ~2 mg/ml in 100
pl PBS in 1.5 ml tubes. Ten microliters of 7.5% sodium bicar-
bonate (MilliporeSigma, S6014) was added to each tube to
adjust pH to 8-8.5. Then, 2 pl of 10 mg/ml Alexa-647 (Fisher
Scientific, A37573) was added to each tube. Tubes were put on
a shaking plate for 1 h at room temperature. To purify the
fluorescently labeled Fab fragments, 850 uL of 10% P6 Biogel
(Bio-Rad, 1504130) was added to a costar spin-x tube
(Corning, 07-200-387), and spun down at 3500 x g for
1.5 min. The eluent from the bottom of the tube was removed
and then ~400 pL more 10% P6 Biogel was added again. Tubes
were spun down at 3500 x g for 1.5 min. The eluent from the
bottom of the tube was removed and the reaction mixture was
added to the top of the column. Tubes were spun down at 3500
x g for 1.5min. The eluent was collected into a new 1.5 ml
tube. The protein concentration and degree of labeling were
measured on the nanodrop.

Fab affinity measurements

HCC1954 cells (ATCC, CRL-2338) were cultured in T75 flasks
using RPMI 1640 media (Fisher, A1049101) with 10% HI FBS
(Fisher, 10082147) and 1% Penicillin-Streptomycin (P/S)
(Fisher, 15140122) at 37°C and 5% CO,. HCC1954 cells in
each T75 were treated with 2.5 ml trypsin (Fisher, 25-300-054).
After detaching, 7.5 ml of RPMI 1640 was added and all media
were collected in 15 ml tubes. Cells were spun down at 800 x
g for 5 min and then rewashed and resuspended by PBS with
0.1% bovine serum albumin (PBSB). Fab fragments were
diluted in PBSB as a 3-fold series starting from 1200 nM and
added to 96-well U-bottom plates as 100 pl/well. Cells were
added as 50,000 cells/well in 100 pL. Plates were then chilled
on ice for 4 h. After incubation, cells were washed with PBSB at
2500 x g for 5min and then resuspended in 100 uL. PBSB.
Florescent signals were measured by flow cytometry (Bio-
Rad Ze5).
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IgG affinity measurements

HCC1954 cells were cultured in T75 flasks with RPMI 1640
media, 10% HI FBS and 1% P/S at 37°C and 5% CO,. MDA-MB
-231 cells were cultured in T75 flasks using DMEM media
(Fisher, 11965092) with 10% HI FBS and 1% P/S at 37°C and
5% CO,. The cell collection methods are the same as mentioned
in the last section. IgGs were diluted in PBSB as a 3-fold series
starting from 200 nM and added to 96-well U-bottom plates as
100 pl/well. Cells were added as 50,000 cells/well in 100 uL.
Plates were then chilled on ice for 4h. After incubation, cells
were washed with PBSB at 2500 x g for 5min. Alexa anti-
human Fc (Jackson ImmunoResearch, 109-605-190) was
diluted with PBSB 300-fold and added to each well as 100 pL.
Plates were incubated on ice for 4 min. Then cells were washed
with PBSB at 2500 x g for 5min and then resuspended in
100 uL. PBSB. Florescent signals were measured by flow

cytometry.

IgG competitive binding measurements

HCC1954 cells and MDA-MB-231 cells were cultured as men-
tioned in the last section. After detaching, cells were seeded to 96-
well flat-bottom plates (Corning, 07-200-90) at 50,000 cells/well
and incubated at 37°C and 5% CO, overnight. On the second day,
fluorescent-labeled antibodies were diluted as a 3-fold series
starting from 100 nM, and blocking antibodies were added as
required. One hundred microliters of diluted antibody was added
to each well and incubated at 37°C and 5% CO, for 6 h. After
incubation, cells were detached by trypsin and washed with PBS.
Florescent signals were then measured by flow cytometry.

ADCC and ADCP reporter cell assays

ADCC reporter cells (Invivogen, jktl-nfat-cd16) and ADCP
reporter cells (Invivogen, jktl-nfat-cd32) were cultured in
IMDM media (Fisher, 12440053) with 10% HI FBS, 1% P/S,
and 100 ug/ml Normocin (Invivogen, ant-nr-1). Ten micro-
grams per milliliter of Blasticidin (Invivogen, ant-bl-05) and
100 pug/ml of Zeocin (Invivogen, ant-zn-05) were added to the
growth media for each passage. HCC1954 and MDA-MB-231
cells were seeded to 96-well flat-bottom plates as 50,000 cells/
well and incubated at 37°C and 5% CO, overnight. On
the second day, testing antibodies were diluted as a 3-fold
series starting from 100 nM, and blocking antibodies were
added as required. Next, 110 pL of the diluted antibody was
added to each well and incubated at 37°C and 5% CO, for 1 h.
The ADCC or ADCP reporter cells were then centrifuged at
300 x g for 5min. The supernatant was removed and the
ADCC or ADCP reporter cells were resuspended in the test
medium (IMDM media with 10% HI FBS, 1% P/S). Ninety
microliters of ADCC or ADCP reporter cells (0.2 million cells)
per well were added and the plates were incubated at 37°C and
5% CO, for 6 h. After incubation, 20 pL of co-incubated super-
natant was transferred into a white assay plate (Fisher,
720,091). Finally, 50puL of QUANTI-Luc™ (Invivogen,
REPQLC2) was added per well and evaluated immediately
with the luminometer measurement. Raw signals were
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normalized by the signal of negative controls (mixture of
cancer cells and reporter cells without antibodies).

ADCC assay

PBMCs were purchased from STEMCELL (70025) and cul-
tured in T75 flasks with RPMI 1640 (10% HI FBS). PBMC
and target cells were then mixed with an effector (E): tumor
(T) ratio of 10:1, along with the indicated concentrations of
antibodies at 37°C and 5% CO,. After 4h, the lactate dehy-
drogenase (LDH) level was measured by CyQUANT
Cytotoxicity Assay Kit (Fisher, C20301). The % lysis was
calculated as (A —B)/(C —B) x100, where “A” is the back-
ground subtracted absorbance value of each test sample, “B”
is the background subtracted absorbance value without
effector cells (i.e., spontaneous release), and “C” is the back-
ground subtracted absorbance value for maximum cell lysis
(i.e., after adding lysis buffer to cancer cells without effector

cells).

ADCP assay

PBMCs were purchased from STEMCELL (70025) and
were cultured in T75 flasks with RPMI 1640 (10% HI
FBS and 1% P/S) for 1h to allow attachment of the mono-
cytes. Monocytes were then differentiated over 6 d in
RPMI 1640 with 100ng/mL human M-CSF (Fisher,
PHC9501), 10% HI FBS, and 1% P/S. Macrophages were
labeled with CellTrace Violet (10 uM; Fisher, C34557), and
cancer cells were labeled with carboxyfluorescein diacetate
succinimidyl ester (CFSE) (10 uM; Fisher, C34554), as
described in the manufacturer’s protocol. Macrophages
and target cells were then mixed with an E:T ratio of 4:1,
along with the indicated concentrations of antibodies, and
incubated at 37°C and 5% CO,. After 4h, adherent cells
were detached with accutase, combined with non-adherent
cells, and the fluorescence was evaluated by flow cytome-
try. The percentage of phagocytosis was calculated as 100 x
(# of double positive cells for CFSE™ and celltrace violet®
cells)/(# of CFSE™ cells).
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