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Engineering the antibody Fc region to enhance the cytotoxic activity of therapeutic antibodies is currently an active area
of investigation. The contribution of complement to the mechanism of action of some antibodies that target cancers
and pathogens makes a compelling case for its optimization. Here we describe the generation of a series of Fc variants
with enhanced ability to recruit complement. Variants enhanced the cytotoxic potency of an anti-CD20 antibody up to
23-fold against tumor cells in CDC assays, and demonstrated a correlated increase in C1q binding affinity. Complement-
enhancing substitutions combined additively, and in one case synergistically, with substitutions previously engineered
for improved binding to Fc gamma receptors. The engineered combinations provided a range of effector function
activities, including simultaneously enhanced CDC, ADCC, and phagocytosis. Variants were also effective at boosting the
effector function of antibodies targeting the antigens CD40 and CD19, in the former case enhancing CDC over 600-fold,
and in the latter case imparting complement-mediated activity onto an IgG1 antibody that was otherwise incapable
of it. This work expands the toolkit of modifications for generating monoclonal antibodies with improved therapeutic
potential and enables the exploration of optimized synergy between Fc gamma receptors and complement pathways

CDC, complement-dependent cytotoxicity; CR, complement receptor; CRP, complement regulatory protein; FcyR, Fc gamma
receptor; mAb, monoclonal antibody; MAC, membrane-attack complex; NK, natural killer; PBMC, peripheral blood mononuclear

for the destruction of tumors and infectious pathogens.

Introduction

Monoclonal antibodies (mAbs) are successful as therapeutics due
in part to their ability to bring to bear the destructive capabilities
of the immune system against specific target cells. In a variety
of in vivo and in vitro settings, antibody coating of targets has
been shown to mediate potent killing mechanisms such as com-
plement-dependent cytotoxicity (CDC), antibody-dependent
cellular cytotoxicity (ADCC) and antibody-dependent cellular
phagocytosis (ADCP). All of these effector functions are medi-
ated by the antibody Fc region and over the past decade engineer-
ing of this region to enhance the cytotoxic activity of therapeutic
antibodies has been a subject of intense investigation."?
Modification of antibodies to boost the response of the com-
plement system is appealing due to its contribution to the mecha-
nism of action of one of the most successful anti-cancer mAbs,
anti-CD20 rituximab,’ as well as its important role in destroying
invading pathogens. For antibody therapeutics, the relevant arm
of the complement system is the classical (antibody-dependent)
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complement cascade, which consists of over twenty tightly-
regulated proteins, C1 through C9. The trigger for classical
complement activation is the initial binding to antibody-coated
target by complement protein Clg, a bundle of six heterotrimeric
subunits composed of globular heads and collagen-like tails.
For human IgGl, C, 2 domain residues D270, K322, P329 and
P331 have been implicated as essential to the interaction between
human IgG antibodies and Clq.**> Efforts have been made to
increase the affinity of this interaction, with the goal of con-
comitantly increasing progression through the classical comple-
ment cascade to enhance lysis of the target cells. Several groups
have taken advantage of the differences in CDC activity among
human IgG isotypes (IgG3 > IgGl >> IgG2 = IgG4°) by swap-
ping segments between isotypes to generate various chimeric IgG
molecules with enhanced complement recruitment.”"* Others
have engineered specific amino acid substitutions into either the
hinge region'""? or the C, 2 domain.'

The most widely recognized mechanism of complement-
mediated target destruction is lysis by the membrane-attack
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Results

Engineering of CDC-enhanced anti-CD20 anti-
bodies. We have previously screened a large set of
variants for binding to all FcyRs, Clq and the neo-
natal receptor FcRn (data not shown) and selected
variants have been described previously.”* Based
on the Clq data from these studies in conjunction
with the reported location of the Clq binding cen-
ter,"> we screened 38 single substitution variants
for CDC activity (Suppl. Fig. 1). From these data,
we identified three substitutions (S267E, H268F,
§324T) in the human IgGl C, 2 domain (Fig.
1) for further study. Variant Fc domains includ-
ing one to three of these substitutions were con-

structed, expressed, and screened in the context
of ocrelizumab,?® a humanized anti-CD20 IgGl

charides are represented as sticks. (A) Full Fc. (B) C,2 domain only.

Figure 1. Cartoon representation of human IgG1 antibody Fc from Protein Data Bank
record 1E4K® with positions at which substitution modulates C1q binding affinity high-
lighted as space-filling spheres. The putative C1q binding center (D270, K322, P329 and
P331) is colored orange. Residues S267, H268 and S324 are indicated in blue. Oligosac-

antibody.

We examined the relative CDC activity of the
anti-CD20 Fc variants against Burkitt’s lymphoma
Ramos cells (Fig. 2A and B). Human serum com-

complex (MAC), a transmembrane channel created by
complexation of C5b, C6, C7, C8 and C9 proteins. This non-
cellular process, commonly referred to as CDC, is thought to
be relevant to the clinical activity of some anti-tumor antibod-
ies.” Less established for antibody drugs, although potentially
no less relevant, are cellular-based complement mechanisms that
are mediated by interaction between opsonic C3 and C4 compo-
nents and complement receptors (CR1, CR3 and CR4) expressed
on effector cells. Particularly intriguing from the standpoint of
improving mAb clinical activity is the synergy between comple-
ment and Fc gamma receptor (FcyR) effector pathways. These
include enhancement of FcyR-mediated effector functions by the
CR/opsonin interaction, and the capacity of complement protein
C5a as a potent chemoattractant and positive regulator of activat-
ing FcyR expression relative to inhibitory FcyRIIb.!®" Although
such crosstalk may typically rely on activation by microbial dan-
ger signals, tapping into the cooperation between complement
and FcyRs is an enticing approach to improving the cytotoxic
potency of mAbs.

Our long-term goal has been the engineering of therapeu-
tic antibodies with improved clinical performance. Here we
have built on previous Fc work'®" to generate variants that
provide enhanced complement- and FcyR-mediated activi-
ties. We have engineered a series of Fc variants with increased
ability to recruit complement in the context of the humanized
anti-CD20 monoclonal IgG1 antibody ocrelizumab.?® Variants
demonstrated greatly enhanced potency in a cell-based CDC
assay and improved binding affinity to Clg, and were trans-
ferable to antibodies targeting other antigens. By combining
CDC-enhancing variants with previous variants that improve
binding to FcyRs, we have generated antibodies simultaneously
enhanced for multiple cellular and non-cellular immune effec-
tor arms.
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plement was added to opsonized target cells, cell
viability was determined from Alamar Blue fluo-
rescence and half-maximal effective concentration (EC,)) values
of the antibody-dependent cell lysis were calculated (Table 1).
The three single substitutions resulted in potency increases of
1.9- to 3.0-fold relative to native IgG1 ocrelizumab. When the
single substitutions were combined, potencies further increased,
ranging from 3.3-fold to 5.4-fold for double substitution variants
and 6.9-fold for the triple. Several variants surpassed the potency
of 113F, an IgG1/IgG3 chimera’ included as a positive control for
CDC enhancement. Similar results were observed when target-
ing the Burkitt’s lymphoma Raji cell line (data not shown).

We next examined the binding of the Fc variants to human
Clq using surface plasmon resonance (SPR). Sensorgrams (Fig.
2C) were fit with a two-state binding model (Table 1). Although
the fitted K, values do not represent the actual K, between Clq
globular head and Fc, they nonetheless reflect the relative affinicy
of the Clq multimeric bundle for an opsonized surface. The Clq
affinities of the variants showed similar rank order to their CDC
potencies, with a correlation coefficient of r* = 0.90 (p < 0.0005)
(Fig. 2D). Consistent with its 6.9-fold increase in CDC potency,
the S267E/H268F/S324T (EFT) variant had the tightest Clq
affinity as well, an increase of 47-fold over native IgG1 and 6.5-
fold over the 113F positive control.

Engineering of anti-CD20 antibodies with augmented
CDC, ADCC and ADCP activity. In an effort to develop vari-
ants with broadly enhanced effector function, we combined our
CDC-enhancing substitutions with variants previously character-
ized for improved FcyR-mediated activity.'®" These include two
double substitution variants, one with broad affinity enhance-
ment to all FcyRs (S239D/1332E, referred to here as DE), and
the other with selective affinity enhancement to FcyRIla and
FcyRIIla relative to FcyRIIb (G236A/I332E, referred to as
AE). These substitutions were added via site-directed mutagen-

esis to H268F/S324T and S267E/H268F/S324T, resulting in a
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Figure 2. Fc engineering generates variant anti-CD20 antibodies with enhanced binding affinity for C1q and enhanced cytotoxicity of CD20* Ramos
cells. (A and B) CDC activity of Fc variant anti-CD20 mAbs against opsonized Ramos cells using human complement. Antibody-dependent % lysis was
measured at multiple antibody concentrations by Alamar Blue-based detection (mean + SE of duplicate wells). EC, s are listed in Table 1. (C) SPR sen-
sorgrams for native IgG1 (black) and variant EFT (green) are shown. C1q concentrations range from 100 nM to 6.25 nM by 2-fold serial dilution.

(D) Correlation between the fold improvements in C1q affinity as determined by SPR (Table 1) and CDC activity (Table 1, A and B).

set of four variants, each with four or five substitutions.
The EFT triple was chosen as the variant with the great-
est CDC activity, while the FT double was of interest as
the most potent CDC variant lacking S267E, which was D
expected from previous observations® to impair FcyR-
mediated effector function due to decreased FcyRIIla and
increased FcyRIIb affinity. For simplicity we refer to these
variant combinations by adding the FcyR substitutions as
a suffix to the CDC variants, i.e., FT + DE, FT + AE, =
EFT + DE and EFT + AE. Combination variants were FT
constructed and expressed in the context of anti-CD20 EF
IgG1 ocrelizumab. ET

CDC assays of the combination variants confirmed

EFT
that the enhanced potency conferred by the initial engi-
neering remained upon adding the substitutions (Fig. i
3A and B). These results were supported by correlated °ECys

increases in Clq affinity (data not shown). Unexpectedly,
we found that the EFT + AE variant gained an additional
3.3-fold in CDC activity (and, similarly, Clq affinity,
data not shown) relative to the EFT triple variant (Table
2). However, this synergy was not observed with the EFT + DE
combination (Fig. 3B). Subsequent work identified 1332E and
S267E as the synergistic pair, but that their synergy was absent
in the presence of $239D (data not shown). The five-substitution

= ECSO
binding fit of SPR data. ‘Fold = K, (Native IgG1)/K, (variant). *Antibodies had
ocrelizumab variable regions.

Table 1. CDC activities and human C1q binding affinities of Fc variant antibodies

CDC assay C1q SPR binding
Variant EC,, (nM)*  Fold® K, (nM)¢ Fold“

Native IgG1¢ 0.33 1 48 1
S324T 0.7 1.9 19 25
H268F 0.17 2.0 26 1.8
S267E 0.11 3.0 39 12
H268F/S324T 0.098 33 4.6 n
S267E/H268F 0.092 3.6 2.8 17
S267E/S324T 0.061 5.4 1.2 41
S267E/H268F/S324T 0.048 6.9 1.0 47
13F 0.089 37 6.9 7.

were from four-parameter sigmoidal dose-response fits (n = 2). °Fold
(Native IgG1)/EC,  (variant). K, =K, /(1 + 1/K ) from a global two-state

EFT + AE variant was the most potent complement mediator,
providing enhancement to CDC EC, | by 23-fold in the context
of the anti-CD20 (Table 2). A transform of the data based on
cell-surface binding indicated that the variants lowered the CD20
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maximal lysis relative to native IgG1 are listed in Table 2.

Figure 3. Fc variants enhance CDC, ADCC and ADCP. (A and B) CDC activity of Fc variant anti-CD20 mAbs against opsonized Ramos cells using human
complement. Antibody-dependent % lysis was measured at multiple antibody concentrations by Alamar Blue-based detection (mean + SE of dupli-
cate wells). (Cand D) ADCC activity of Fc variant anti-CD20 mAbs against Ramos cells using human PBMCs (FcyRlla genotype was H131/R131, FcyRllla
genotype was V158/F158). Antibody-dependent % cytotoxicity was measured at multiple antibody concentrations by lactate dehydrogenase release
(mean = SE of triplicate wells). (E and F) Phagocytosis activity of Fc variant anti-CD20 mAbs against Ramos cells using purified human monocyte-
derived macrophages. Antibody-dependent % phagocytosis was measured at multiple antibody concentrations by flow cytometry (mean * SE of
triplicate wells). Macrophages for this experiment were H131/R131 FcyRlla and V158/F158 FcyRllla genotype. Ctrl + DE for ADCC (C and D) and ADCP

(E and F) experiments represents an isotype control anti-RSV antibody with DE substitutions. For all of the data shown, fold improvements in EC, and

Table 2. Summary of fold improvements for multiple cellular and non-cellular effector arms

CDC ADCC ADCP
ID? Potency® Efficacy* Potency® Efficacy* Potency® Efficacy*
FT 3.3 1.1 1.2 1.2 1.2 1.2
EFT 6.9 1.1 0.045 0.68 0.91 0.94
FT + DE 3.3 1.1 22 34 3.7 1.2
FT + AE 3.2 1.1 5.3 2.1 4.7 1.2
EFT + AE 23 1.1 1.2 1.0 0.46 1.0
DE 1.0 0.94 22 3.3 54 1.2
AE 1.2 1.0 8.3 2.5 2.5 1.3

3Variant ID’s as in Table 1, plus: DE (5239D/1332E) and AE (G236A/I332E). "Potency Fold = EC,, (Native IgG1)/EC,  (variant). “Efficacy Fold = Maximum

Lysis (variant)/Maximum Lysis (Native IgG1).

saturation level needed for CDC activity (Suppl. Fig. 2); remark-
ably, the CDC EC,  of the EFT + AE variant corresponded to less
than 1% CD20 saturation level versus ~15% for native IgGl.
Affinities of the variant anti-CD20 antibodies to activating
and inhibitory human FcyRs were examined by SPR (Table 3).
The FT double substitution marginally affected FcyR binding
if at all, with the most significant perturbation being a slightly
lower affinity for FcyRIIb. Addition of the DE and AE substitu-
tions to this variant dramatically improved FcyR binding, result-
ing in variants with broad enhancement to FcyRs, particularly
the isoforms of FcyRIIla (FT + DE), or selective enhancement
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for FcyRIIa and FcyRIIIa relative to FcyRIIb (FT + AE). The
EFT CDC-enhancing variant displayed reduced FcyRIIIa affin-
ity and sharply increased binding to FcyRIlIa R131 and FcyRIIb.
This binding profile is similar to that observed in previous work
with the S267E substitution.?> Combination with the AE substi-
tutions produced a variant (EFT + AE) with substantially higher
FcyRIla affinity, a greater H131 FcyRIIa:FcyRIIb ratio yet high
FcyRIIb affinity, and FcyRIIla binding slightly better than
native IgGl. The clearly superior CDC activity of this combina-
tion variant (Fig. 3B) made the EFT + AE variant our sole EFT
combination choice for further characterization.

Volume 2 Issue 2




Table 3. Binding affinities of Fc variant antibodies for human Fcy receptors measured by SPR

FcyRI FcyRlla H131 FcyRIla R131 FcyRIlb FcyRIllaVvV158 FcyRllla F158
ID K,(hM)  Fold  K,(uM) Fold  K,(uM) Fold  K,uM) Fold K, (uM) Fold K,(uM) Fold
19G1 0.17 1 1.2 1 1.6 1 4.6 1 0.33 1 2.2 1
FT 0.25 0.70 0.80 1.5 2.4 0.67 12 0.38 0.33 1.0 2.2 1.0
EFT 0.1 1.6 0.35 3.5 0.045 37 0.25 18 1.0 0.32 n 0.21
FT + DE 0.021 8.2 0.21 5.8 0.18 9.2 0.47 9.9 0.0058 57 0.066 33
FT + AE 0.26 0.67 0.043 28 0.35 4.7 3.1 1.5 0.12 2.8 0.55 4.0
EFT + AE 0.10 1.8 0.035 35 0.0073 220 0.038 120 0.15 2.2 0.65 34
To examine the effect of these FcyR binding
profiles on effector recruitment, the anti-CD20 100% A O aCD19 IgG1
variant antibodies were studied in cell-based B oCD19 EFT+AE
ADCC (Fig. 3C and D) and ADCP assays (Fig. . ] O o CD40 IgG1
3E and F). These experiments used the Ramos cell 80% - ® 0.CD40 EFT+AE
line as target cells, and either purified peripheral ] |
blood mononuclear cells (PBMCs) or monocyte- g 60%
derived macrophages as effectors for ADCC and | ©
. . o
ADCP respectively. For both sets of experiments | O 40% A
donor allotypes were determined to be heterozy-
gous for both FcyRIIa (H131/R131) and FcyRIIIa 20% -
(V158/F158). For ADCC, we and others have pre-
viously shown that FcyRIIla-expressing natural 0%
killer cells are the primary effectors.”” For mac-

rophage phagocytosis, we have demonstrated that
FcyRIla is the dominant receptor, with less promi-

-2 -1 0
Log [Antibody] (nM)

nent but still significant contributions from FcyRI

and FcyRIIla. The H268F/S324T variant had

similar ADCC activity to native IgGl1 and slightly
improved ADCP (Fig. 3C and E). Combination
with the AE and DE variants resulted in moderate
(5.3-fold) and dramatic (22-fold) enhancements

Figure 4. EFT + AE variant enhances CDC in anti-CD19 and anti-CD40 mAbs. CDC activ-
ity of variant and IgG1 versions of humanized anti-CD19 and anti-CD40 antibodies was
tested against Ramos cells using human complement. Antibody-dependent % lysis was
measured at multiple antibody concentrations by Alamar Blue-based detection (mean +
SE of duplicate wells).

in ADCC activity, respectively, (Fig. 3C, Table
2) as a consequence of their increased binding to
FcyRIlla (Table 3). The FT + AE and FT + DE variants also
showed 4- to 5-fold improvements in macrophage ADCP (Fig.
3E, Table 2), consistent with their greater binding to the activat-
ing receptors, particularly FcyRIIa (Table 3). The EFT variant,
which has 70% reduced FcyRIIIa affinity (Table 3), mediated
lower ADCC activity, both in terms of its potency and efficacy
(Fig. 3D, Table 2), and ADCP comparable to native IgG1 (Fig.
3F, Table 2). Addition of the AE substitutions restored ADCC
to IgGl level (Fig. 3D, Table 2). Interestingly, the EFT + AE
combination did not enhance phagocytosis (Fig. 3F, Table 2),
despite its improved affinity for the activating receptors and par-
ticularly strong binding to FcyRIIa. This result may reflect a role
of the inhibitory receptor FcyRIIb, which binds tightly to this
variant, distinguishing this outcome from observations in pre-
vious work.” Regardless, together the variants provide a range
of effector function activities, including dramatically improved
complement-mediated yet preserved FcyR-mediated activities
(EFT + AE), and simultaneously enhanced CDC, ADCC and
ADCP (FT + AE, FT + DE).

Engineering of CDC-enhanced anti-CD19 and -CD40 anti-
bodies. In a final experiment, we examined the transferability
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of the variants to other antibodies. We tested the substitution
combination with the most potent CDC enhancement, EFT +
AE, in the context of humanized anti-human CD19 and anti-
human CD40 antibodies. Both native IgG1 and CDC-enhanced
variants were examined in the CDC assay against Ramos cells as
described above. The Fc variant antibodies exhibited improved
CDC activity, both in terms of potency and efficacy (Fig. 4),
consistent with the anti-CD20 results. Strikingly, the vari-
ant anti-CD19 antibody mediated complement activity even
though the native IgGl version was completely lacking, reaching
approximately 60% lysis with an EC, of 3.2 nM. The variant
anti-CD40 showed remarkable gains in efficacy (2.5-fold) and
potency (620-fold) relative to the native IgGl version. These
results demonstrated that the identified substitutions are not only
broadly useful for anti-cancer antibodies, but can confer potent
CDC activity even when it is absent or weak in a native IgG1.

Discussion

Over the past decade substantial progress has been made towards
improving the cytotoxic potency of mAb drugs. The strongest
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motivation for the consideration of complement activity as an
optimization goal is its contribution to the mechanism of action
of one of the most successful antibody drugs—rituximab anti-
CD20. Support includes the dependence of rituximab activity

235 the association between

on complement in mouse models,
expression of complement regulatory proteins (CRPs) and
resistance to rituximab therapy’®?” and the consumption of
complement upon rituximab treatment in chronic lymphocytic
leukemia (CLL) patients.?® Yet inconsistencies remain, including
the absence of observed complement-mediated cytotoxicity in
vitro using tumor cells from different response groups” and the
uncompromised activity of other anti-CD20 mAbs in comple-
ment deficient mice.’®?' Complicating the picture further is the
recent observation that complement protein C3 can inhibit ritux-
imab-mediated natural killer (NK) cell activation and ADCC,??
impacting antibody activity in vivo.* Yet strong complement-
mediated activity is an argued benefit of the next generation anti-
CD20 ofatumumab**® and the relevance of complement to the

in vivo activity of mAbs targeting other tumor antigens***’

sug-
gests a broader role for complement in anti-cancer immunother-
apy. Beyond oncology, complement intuitively plays a prominent
mechanistic role for antibodies that target pathogens, particularly
given the activation of complement pathways by, and the absence
of CRPs on, microbial surfaces. The capacity of mAbs to destroy
microbes using complement mechanisms is well-established by
both in vitro®*¥ 4041 data. Unfortunately, little clinical

data is available concerning the mechanisms of action of anti-

and in vivo

pathogenic mAbs, due principally to the low number of such
drugs that have progressed through clinical trials.*> Regardless,
although antibodies modified for improved complement have not
progressed into clinical development at the same rate as those
enhanced for FcyR-mediated effector functions,' optimization
for complement has enormous potential for improving the next
generation of mAbs.

Our objective was to engineer variants that improve
Fc-mediated complement activity, and we were particularly inter-
ested in combining them with substitutions that improve FcyR
engagement to optimize the entire repertoire of cytotoxic effec-
tor functions. Our CDC-enhancing modifications, consisting of
various combinations of substitutions S267E, H268F and S324T,
improve CDC up to 6.9-fold and Clq affinity up to 47-fold in
the context of an anti-CD20 antibody. The direct relationship
we observed between effector function and the effector ligand,
an essential foundation for virtually all Fc engineering efforts,
is consistent with previous work by others.”!"!* The most potent
single substitution we identified, S267E, modulates the charge of
the C,2 domain, similar to other CDC-altering variants such as
D270A,* K322A,f K326A,"* E333A' and 113F” (which includes
K274Q and N276K). The Fc:Clq interaction has been shown to
have a strong ionic component,”’ potentially mediated through
several exposed arginines on Clq subunit B.*% It is possible that
S267E interacts with one of these arginines, a hypothesis that
requires further studies to confirm.

Combination of CDC-enhancing substitutions with pre-
viously characterized substitutions generated a set of variants
that improved affinity to both complement and FcyRs. The
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binding sites on the Fc region for Clq and FcyR are overlapping,
illustrated by the different properties of the FT and EFT combi-
nations. The FT variant possesses not only improved complement
activity, but FcyR affinities favorable for ADCC and ADCP. The
FcyR-binding properties of the AE and DE variants stacked addi-
tively on top of the complement improvements provided by the
FT variant, generating variants (FT + AE and FT + DE) with
simultaneously enhanced ADCC (up to 22-fold), ADCP (up
to 4.7-fold), and CDC (up to 3.3-fold). In contrast, the S267E
substitution acts as a trade-off between CDC activity and FcyR-
mediated effector function. The poor ADCC activity of the EFT
variant was not only rescued by the AE mutations, but the syn-
ergy between S267E and I332E provided an additional boost to
complement-mediated effector function, thereby resulting in a
variant (EFT + AE) with a native IgGl1 level of ADCC activity
and 23-fold enhancement in CDC.

An important result in the present study was the capacity of
the variants to function not only in other antibodies, but in one
case to impart CDC activity onto an antibody that otherwise did
not mediate it. Whereas most mAbs mediate ADCC in vitro,
fewer seem capable of mediating complement activity (unpub-
lished results). This is likely a contributing factor to the lower
emphasis on complement relative to FcyRs for mAb cancer ther-
apy. One possible reason for the high bar for complement activity
is that it requires high antibody opsonization density,”* which
is consistent with the fact that pentameric IgM is the most active
isotype for complement. The capacity of the EFT + AE variant to
impart CDC onto anti-CD19, and moreover the dramatic (>600-
fold) enhancement over the poor CDC activity of anti-CD40 are
encouraging for the broad applicability of complement-enhanc-
ing approaches to antibody drug optimization.

There are multiple cytotoxic mechanisms accessible by the
classical complement pathway. These include not only the non-
cellular CDC activity mediated by MAC as described here, but
a number of cellular activities.” Opsonic C3b, iC3b, and C4b
proteins on target cells result in two cellular complement activi-
ties, both of which are mediated by interaction with complement
receptors CR1 (CD35), CR3 (CD11b-CD18) and CR4 (CDl11c-
CD18) expressed on NK cells, neutrophils, and monocytic phago-
cytes. CR-dependent phagocytosis and cytotoxicity, also referred
to as complement-dependent cellular cytotoxicity (CDCC), are
analogs of the FcyR-dependent mechanisms of similar name,
except that effector function is mediated directly by binding of
CR to opsonin. The other mechanism involves enhancement of
FcyR-mediated effector functions by the CR/opsonin interac-
tion. CR-enhancement of cellular effector functions is activated
by opsonic complement protein C5a, which is not only chemot-
actic for effector cells, but also selectively increases macrophage
expression of activating FcyRs relative to FcyRIIb,'*° provid-
ing additional crosstalk between FcyR and complement effector
arms.

Two key issues related to these cellular mechanisms include
the dependence of CR activation on binding to pathogen-
associated molecular patterns (PAMPs),! for example cell wall
B-glucan,”®* and the negative regulation of complement acti-
vation by CRPs,” which include both soluble and cell surface
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proteins. While these regulatory mechanisms do not hinder
antibodies that target pathogens, they pose barriers for anti-can-
cer antibodies. Addressing these issues will undoubtedly require
a greater understanding of complement biology as it relates to
immunotherapy. Yet our hope is that enhanced recruitment of
complement, possibly synergistically with improved FcYR engage-
ment, may help overcome these obstacles, analogous to the capac-
ity of high FcyRIIIa affinity to induce activation of NK cells.”*%
Indeed, encouraging the immune system to deal with tumor cells
as it would an invading microorganism is in essence the basis of
the present strategy, and that of many others, for improving the
therapeutic activity of anti-cancer antibodies.

Materials and Methods

Cells and reagents. Burkitt lymphoma Ramos cell line was
obtained from DSMZ (German Collection of Microorganisms
and Cell Lines). Burkitt’s ymphoma Raji cell line was obtained
from American Type Culture Collection. Human PBMCs were
purified from leukapheresis of an anonymous healthy volunteer
(HemaCare, VanNuys, CA) using Ficoll-Paque Plus density gra-
dients (Amersham Biosciences, Newark, NJ). Monocyte-derived
macrophages were generated as described.”

Human Clq was purchased from GenWay Biotech (San
Diego, CA). Human Fc gamma receptor protein FcyRI was
obtained from R&D Systems (Minneapolis, MN). Human
FcyRIla, FcyRIIb and FeyRIIIa receptor proteins were produced
at Xencor. FcyRIla, FcyRIIb and FcyRIIla genes were obtained
from the Mammalian Gene Collection (American Type Culture
Collection). The extracellular domains of these were subcloned
into the vector pcDNA3.1Z¢o (Invitrogen) with a C-terminal
6xHis tag, transfected into HEK293T cells and purified using
nickel affinity chromatography (Qiagen, Valencia, CA).

Construction, expression and purification of antibody
variants. The variable region VH and VL domains of ocre-
lizumab (also known as PRO70769 or rhuMAb 2H7) anti-
human CD20 antibody*® were generated by gene synthesis (Blue
Heron Biotechnology, Bothell, WA) and subcloned into the
vector pI'T5 (National Research Council, Canada)*® encoding
human heavy IgG1 and light Ck constant regions. Substitutions
in the Fc domain were introduced using site-directed mutagen-
esis (QuikChange, Stratagene, Cedar Creek, TX). Positions are
numbered according to the EU index.”” The 113F variant posi-
tive control for enhanced CDC activity was also constructed
using site-directed mutagenesis (QuikChange, Stratagene, Cedar
Creek, TX) as described.” Heavy and light chain constructs were
cotransfected into HEK293E cells (National Research Council,
Canada)™® for expression, and antibodies were purified using pro-
tein A affinity chromatography (GE Healthcare).

Humanized, affinity-optimized 4G7%° anti-human CD19 anti-
body and humanized S2C6°"%? anti-human CD40 antibody were
engineered as described.”®* To serve as an Fc isotype control,
the variable region domains of the anti-respiratory syncytial virus
(RSV) antibody motavizumab® were generated by gene synthesis
(Blue Heron Biotechnology, Bothell, WA). Fc variant versions of
the anti-CD19, CD40 and RSV antibodies were constructed by
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subcloning into the appropriate IgG1 and Cx pI'T5 vectors from
ocrelizumab Fc variants.

Cell-based assays. For CDC assays, target Ramos or Raji cells
were washed 2x in RHB Buffer (RPMI Medium 1640 containing
20 mM HEPES, 2 mM glutamine, 0.1% BSA, pH 7.2) by cen-
trifugation and resuspension and seeded at 40,000 cells per well.
Native IgG1 or variant antibody was added at the indicated final
concentrations. Human serum complement (Quidel, San Diego,
CA) was diluted with RHB buffer and added to opsonized target
cells. Final complement concentration was one-eighteenth origi-
nal stock. Plates were incubated for 2 hr at 37°C, Alamar Blue
was added, cells were cultured overnight, and fluorescence was
measured in relative fluorescence units. Data were normalized to
maximal (Triton X-100) and minimal (complement alone) lysis
and fit to a four-parameter sigmoidal dose-response curve using
GraphPad Prism (La Jolla, CA).

ADCC was determined by lactate dehydrogenase release as
described,” except that Ramos cells were used as targets (seeded
at 10,000 per well) and effector cells were added ata 50:1 PBMC/
target cell ratio. Macrophage ADCP was determined by flow
cytometry as described,” except that Ramos cells were used as
targets and labeled with CFSE (Guava Technologies, Hayward,
CA). Purified PBMC:s used in these assays were DNA genotyped
for FcyRIIa (position 131) and FcyRIIla (position 158) using
methods by and as a commercial service at Gentris Clinical
Genetics (Morrisville, NC).

Surface plasmon resonance determination of binding
affinities. SPR measurements were performed in HBS-EP
running buffer (10 mM HEPES pH 7.4, 0.15 M NaCl, 3 mM
EDTA, 0.005% v/v surfactant P20, GE Healthcare) using a
Biacore 3000 instrument (GE Healthcare). FcyR affinity was
determined as described,” and the results reported are the
average obtained from separate Langmuir fictings of the data
from the two independent flow cells of the biosensor chip. For
determining Clq affinity, a protein A (Pierce Biotechnology)
CMS5 biosensor chip (GE Healthcare) was generated using a
standard primary amine coupling protocol. The chip’s refer-
ence channel was coupled to bovine serum albumin (BSA) to
minimize nonspecific binding of Clq. Antibodies at 50 nM
were immobilized on the protein A surface for 0.5 or 1 min at
10 pL/min. Clq in 2-fold serial dilutions (starting at 100 or 25
nM, 5 concentrations total) was injected over antibody-bound
surface for 3 min at 30 uL/min followed by a 4.5 min disso-
ciation phase. Clq molarity was calculated using the molecu-
lar weight of the Clq hexameric bundle, 410 kDa. Response
units for Clq association and dissociation never dropped
below the RU level of protein A-captured antibody for native
IgGl or any of the variants, suggesting that antibody was not
displaced from the protein A chip upon binding to Clq and
that protein A and Clq can be bound simultaneously. After
each cycle, the surface was regenerated by injecting glycine
buffer (10 mM, pH 1.5). In order to subtract nonspecific Clq
binding to antibody-coated protein A surface, an Fc variant
with greatly ablated CDC activity was included. Sensorgrams
were processed by zeroing time and response before the injec-
tion of Clq and by subtracting appropriate nonspecific signals
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(response of BSA-blocked reference channel, response of an
Fc variant with ablated CDC, and response of running buffer).
Kinetic parameters were determined by global fitting of associa-

tion and dissociation phase data with a two-state binding model
(A +B = AB = AB¥). K, was calculated as K /(1 + 1/K ).
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