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Abstract

The binding of human 1gG1 to human Fc gamma receptors (hFcyR) is highly sensitive to the
presence of a single N-linked glycosylation site at asparagine 297 of the Fc, with deglycosylation
resulting in a complete loss of hFcyR binding. Previously, we demonstrated that aglycosylated
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human 1gG1 Fc variants can engage the human FcyRII class of the low-affinity hFcyRs,
demonstrating that N-linked glycosylation of the Fc is not a strict requirement for hFcyR
engagement. In the present study, we demonstrate that aglycosylated 1gG variants can be
engineered to productively engage with FcyRIIIA, as well as the human Fc gamma RII subset. We
also assess the biophysical properties and serum half-life of the aglycosylated IgG variants to
measure stability. Aglycosylated constructs DTT-1YG and DAT-1YG optimally drove tumor cell
phagocytosis. A mathematical model of phagocytosis suggests that hFcyRI and hFcyRITIA dimers
were the main drivers of phagocytosis. /n vivotumor control of B16F10 lung metastases further
confirmed the variant DTT-1YG to be the best at restoring WT-like properties in prevention of lung
metastases. While deuterium incorporation was similar across most of the protein, several peptides
within the CH2 domain of DTT-1'YG showed differential deuterium uptake in the peptide region of
the FG loop as compared to the aglycosylated N297Q. Thus in this study, we have found an
aglycosylated variant that may effectively substitute for wild-type Fc. These aglycosylated variants
have the potential to allow therapeutic antibodies to be produced in virtually any expression
system and still maintain effector function.
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Introduction

Over the past several decades, antibody-based therapy has emerged as a promising mode of
treatment of human disease, and in particular in the treatment of human cancer [1,2]. While
multiple mechanisms contribute to the efficacy of therapeutic antibodies [1,3], activation of
immune effector functions has been shown to play a critical role in the efficacy of several
therapeutic antibodies, in particular through an antibody’s engagement of the Fcy receptors
(FcyRs) of immune cells [4]. 1gGs act as the adaptor between a target cell or pathogen and
the immune response by simultaneously binding antigen through their variable regions and
activating an immune response through interaction of their conserved Fc regions with FcyRs
on immune cells.

J Mol Biol. Author manuscript; available in PMC 2018 August 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Page 3

In humans, the FcyR (hFcyR) family comprises of activating receptors and inhibitory
receptors. Activating receptors include the high affinity FcyRI, and the low affinity
FcyRIIA, FcyRINIA, and GPI-linked FcyRIIB, which require avid multivalent interactions
for activation. The inhibitory receptor FcyRIIB binds 1gG with micromolar affinity [5].
Studies have shown that the efficacy of therapeutic antibodies is strongly correlated to the
allelic forms of FcyRIIIA that have varying binding affinity to IgG. Populations
homozygous for a valine at position 176 of FcyRINIA (FcyRINIAL76V), as opposed to a
phenylalanine (FcyRIIIAL76F), have dramatically improved objective response rates [6-9],
likely due to a several-fold stronger binding of wild-type hlgG1 for the FcyRIIIA176V
allele. Furthermore, DiLillo and Ravetch demonstrated that hFcyRIIIA is necessary and
sufficient for mAb-mediated killing of tumor cells /n vivo in FcryR-humanized mice, while
FcyRIIA engagement can drive a vaccinal effect [10].

Previous studies have shown that the binding of 1gG to FcyR is highly sensitive to the
presence of a single N-linked glycosylation site at asparagine 297 (N297) of the Fc, with
deglycosylation resulting in a complete loss of FcyR binding [11-16]. In the past, it has
been demonstrated that aglycosylated protein mutants of human 1gG1 Fc variants are
capable of engaging a subset of the low-affinity FcyRs and high affinity FcyRI with
approximately wild-type binding affinity. These aglycosylated 1gG activated immune
effector cells /n vivo, demonstrating that N-linked glycosylation of the Fc is not a strict
requirement for FcryR engagement [17-19]. Thus, aglycosylated variants that maintain
engagement to FcyRs have the potential to open up therapeutic antibody production to
virtually any expression system. One such organism could be the common prokaryotic
expression host £. colithat completely lacks N-linked glycosylation, removing the post-
translational variation in N-glycan synthesis that occurs across organisms. Such variation in
the nature of the N-linked glycan imparts substantial changes in the affinity to FcyR and
subsequent biological response [20,21].

Our initial screening methodology was focused on engineering the Fc C’/E loop, which
contains the N-linked glycosylation site (Asn297-Ser298-Thr299) and makes direct contacts
with FcyR. A library screen of all possible C’/E loop variants yielded a variant S298G/
T299A (SGTA) that binds FcyRIIA and FcyRIIB with approximately wild-type affinity, but
not FcyRINIA. A second approach, based on screening each single point mutation within the
C’/E loop, then combining candidate mutations, identified variants that weakly bind
FcyRINAL76V — T299A, N297D, N297H, and the double mutants N297D/S298T, N297D/
S298A, and N297H/S298A — demonstrating that aglycosylated Fcs can engage this FcyR as
well [17]. However, given the importance of FcyRIIIA to therapeutic outcome, it is likely
that these variants would have limited therapeutic utility.

Building upon our previous work, we report here aglycosylated hlgG1 variants that can
engage all of the low-affinity hFcyRs with approximately wild-type or improved binding
affinity, thus identifying variants that might effectively substitute for the wild-type,
glycosylated hlgG1. In doing so, we have focused on engineering additional loops of the Fc
domain that make contact with FcyR, screening libraries that encode all possible amino acid
diversity within segments of these loops to enrich variants with improved FcyRINIAL176F
binding. Such variants, when placed in the previously identified aglycosylated backgrounds
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that allow for weak FcyRINIA176V binding, yield fully FcyR competent aglycosylated Fcs
with a range of affinities. In addition, we find that our approach of searching sequence space
at contact loops in a focused manner, which allows us to theoretically screen all possible
amino acid diversity at these sites in short segments, uncovered variants with mutations that
act cooperatively, and thus not easily predicted by combining the properties of single point
mutations identifiable through other protein engineering strategies.

Engineering approach and screening methodology

In this new round of screening, saturation libraries of the lower hinge, B/C loop, and F/G
loop were screened in a glycosylated background using full-length hlgG1 variants in a yeast
secretion and surface capture system. Here, we constructed saturation libraries around three
contact sites within the Fc — the lower hinge, the B/C loop, and F/G loop (Fig. 1a) — and
screened them by displaying these full-length hlgG1 variants on the surface of yeast, as
mentioned previously [17]. Contact interface libraries were constructed by fully-
randomizing four amino acid stretches using degenerate NNK codons (N=ATCG, K=GT),
which encode all 20 possible amino acids in 32 codons. This design approach allows for
over-sampling the codon diversity (324 ~ 1x106), and thus amino acid diversity, in these
yeast-based libraries, which often have a transformation efficiency on the order of 1x107.
The following libraries were constructed and pooled by contact region: lower hinge (234—
237, 236-239), B/C loop (265-268, 267-270), and F/G loop (326-329, 327-330, 329-332,
331-334). As a target we chose the FcyRITIAL76F allele, which, given its weaker binding
for wild-type Fc, likely represents a more stringent, as well as therapeutically relevant,
barrier for improved FcyRINIA binding. Libraries were pooled by loop and individually
screened by two rounds of enrichment on FcyRI1IA176F coated magnetic beads followed by
three rounds of fluorescence activated cell sorting (FACS) at increasing stringency. From the
yeast screens, only variants in the BC loop and FG loop were enriched (Supplementary Fig.
Sla—d). Further binding studies from isolated HEK secretions suggested that two main F/G
loop variants, K3261/A327Y/L328G (1'YG) and K3261/A327E/L328E (IEA) contributed
greatly to the increase of binding to hFcyRIIIA176F (Supplementary Fig. S2a).

Since these screens were initially on a glycosylated background, these F/G loop variants
were transferred onto an aglycosylated background of T299A [17] and characterized for
binding. The 1'YG aglycosylated mutant bound hFcyRINIAL76F to a slightly greater degree
than wild-type hlgG1, whereas the IEA aglycosylated mutant bound hFcyRINIAL76F to a
slightly lesser degree (Supplementary Fig. S2b), and both variants showed detectable
binding to hFcyRIINA176V, hFcyRITAL167R, and hFcyRIIB (Supplementary Fig. S2c-f).
Given the large increase in binding to FcyRIIA and FcyRIIB imparted by using the T299A
mutation to place the F/G loop variants in an aglycosylated background, we next sought to
reduce the binding of the aglycosylated variant Fcs to these two receptors by placing the
K3261/A327Y/L328G (IYG) F/G loop variant in alternative aglycosylated C’/E loop
backgrounds. Aglycosylated double mutants, N297D/S298T (DTT), N297D/S298A (DAT),
and N297H/S298A (HAT) that were previously isolated had weak binding to
hFcyRIINAL76V, but no detectable binding to hFcyRITA167R. Preliminary binding profiles
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of these aglycosylated variants suggest that DTT-1YG, DAT-1YG, and HAT-1YG have
relatively similar binding to both alleles of hFcyRIIA (Supplementary Fig. S3a-b) and have
reduced binding to hFcyRIIA and the inhibitory hFcyRIIB (Supplementary Fig. S3c—d)
compared to T299A-1YG.

Characterization of aglycosylated variants

The original hlgG1 variants were isolated as full antibodies in the yeast secretion and
surface capture assay with a 4m5.3 variable region. In order to work with anti-tumor
antibody variants, the 4m5.3 variable regions were switched out with the TA99 variable
region, an antibody that targets the melanoma tumor antigen TYRP-1. The heavy chain
bands of the aglycosylated variants exhibit higher mobility on a reducing SDS-PAGE gel, as
compared to the glycosylated wild-type heavy chain (Fig. 1b). This extra mobility is
consistent with the removal of the bulky N-linked Fc glycosylation. To investigate if the
mutated residues on the aglycosylated variants impacted biophysical properties of the
antibodies, purified protein was analyzed for elution times on size-exclusion
chromatography. All aglycosylated TA99 variants in addition to the wild-type hlgG1
antibody ran at the expected elution time in single peaks on size-exclusion chromatography
with less than 0.5% of high molecular weight species (Fig. 1c). Samples were analyzed with
dynamic light scattering (DLS) to characterize protein size distribution. Variants had a
hydrodynamic radius from the range of 5.1-5.6 nm (Fig. 1d), which was within the range of
reported hydrodyanmic radii 5-6 nm of normal monoclonal antibodies [22]. When protein
preparations were stored at 4°C for an extended period of time (approximately 2 weeks), the
majority of the variants were monodisperse with a % polydispersity of < 20%, except for
DAT-1YG and HAT-1YG (Fig. 1d). This suggested that some of the aglycosylated variants
have increased heterogeneity and therefore may have decreased stability over an extended
period of time unlike wild-type glycosylated antibodies. All other characteristics of the
aglycosylated hlgG1 variants suggested that they behave similarly to wild-type antibodies.

Binding affinities of these TA99 aglycosylated variants to human FcyRI, FcyRIIAL167H,
FcyRIIAL67R, FcyRIIB, FcyRINAL76F, and FcyRITIAL76V, as well as glycosylated TA99
IgG1 and a human IgG1 as a control, were determined on Biacore (Table 1, Supplementary
Fig. S4). The wild-type antibody has a Kp of 3 nM to FcyRI and low levels of binding in the
single-digit uM range for all of the remaining low-affinity FcyRs in agreement with
literature [23]. As expected, the N297Q aglycosylated variant showed no detectable binding
to the low affinity FcyRs and decreased binding by two orders of magnitude to the high-
affinity FcyRI. The S298G/T299A (SGTA) variant only had detectable binding to the
FcyRIIA and FcyRIIB receptors and not the FcyRIIIA receptor, in agreement with previous
data [17]. The SGTA variant had a similar binding affinity as the aglycosylated N297Q
variant to FcyRI. The N297D/S298T/K3261/A327Y/L328G (DTT-1YG) variant had no
detectable binding to FcyRIIA167H or FcyRIIB, but had approximately a Kp of 1-3 pM to
both allelic variants of FcyRIIIA and FcyRIIAL167R. Interestingly, DTT-1YG had restored
binding to FcyRI with a measured Kp of 5 nM, despite being aglycosylated. The N297D/
S298A/K3261/A327Y/L328G (DAT-IYG) variant displayed single-digit uM binding affinity
to both allelic variants of FcyRIIIA. This variant also had binding to the inhibitory FcyRIIB
and slight binding to FcyRIIA167R, though no detectable binding to the FcyRIIA167H
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variant. DAT-1YG had reduced binding to FcyRI of approximately one order of magnitude at
29 nM, but is still one order of magnitude better than the aglycosylated N297Q mutant. The
N297H/S298A/K3261/A327Y/L328G (HAT-1YG) variant had no detectable binding to both
allelic variants of FcyRIIA or FcyRIIB, but had 1-2 uM binding affinity to both allelic
variants of FcyRIIIA. Thus, the HAT-1YG variant could test the hypothesis of whether sole
engagement of FcyRINA is sufficient for activity. The last aglycosylated variant T299A/
K3261/A327Y/L328G (299A-1YG) had restored binding to all of the low affinity FcyRs
with either wild-type or improved binding affinity. The binding affinity of 299A-1YG to the
high-affinity FcyRI is on the same order of magnitude of N297Q, suggesting that binding to
FcyRI was not restored. With this panel of aglycosylated variants we now have restored
binding to the low affinity FcyR to wild-type or better affinities, along with different
combinations of binding characteristics.

Mathematical modeling of complete FcyR system

A mathematical model of phagocytosis was devised to understand the importance of each
receptor in driving the phagocytosis of tumor cells. A previous model developed by the
Georgiou group [19] to model the FcryRIIA167H, FcyRIIA167R and FcyRIIB contribution
to phagocytosis was significantly modified and expanded to include all of the remaining
FcyRs: FcyRI, FcyRINAL76F, and FcyRITIAL76V, to represent all iterations of possible
FcyR dimers. In clinical studies, therapeutic efficacy of antibodies correlated with their
binding affinities to the allelic variant of FcyRIIIA [6,9]. By expanding the model to include
all of the FcyR we can obtain a more complete representation of the driving force behind the
phagocytosis results.

Our model represents the contact area of a tumor cell and a macrophage where phagocytosis
is initiated (Fig. 2a). In this system, antibody (Ab) can bind to the antigen (Ag) with an
equilibrium constant of Ky, to become bound antibody (B). Free FcyR (Ry) can diffuse into
the contact volume to become R, and only FcyR in the contact volume (R,) can bind to
bound antibody (B) with an equilibrium constant of Ky to form complexes (C). Only
complexes (C) can dimerize with an equilibrium constant of K;qss to form dimers (D). The
amount of dimers formed allows us to determine which FcyR play the major roles in
signaling for phagocytosis. Quantified binding affinities were used as parameters in the
model of phagocytosis.

Normalized dimer concentrations were plotted as heat maps for each aglycosylated construct
(Fig. 2b). The wild-type glycosylated antibody has an increase in all possible dimer
formations. The FcyRI:FcyRlI is by far the highest concentration, and then the remaining
FcyRI:FcyRIIA, FcyRI:FcyRIIB, and FcyRI:FcyRITIA concentrations are roughly
equivalent. From the heat map, it appears that FcyRIIB dimers with other FcyRs are of
lower concentration and therefore probably play a lesser role in driving biological activity.

The N297Q construct has no dimerization of the low affinity FcryRs and very low
dimerization levels of FcyRI. This agrees with the fact that N297Q is aglycosylated and
loses all binding to FcyR. The SGTA construct was engineered to only regain binding to
FcyRIIA and FcyRIIB and not FcyRINA. Therefore, the majority of its dimer
concentrations are of FcyRI in complex with FcyRI, FcyRIIA, or FcyRIIB. The FcyRITA
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and FcyRIIB dimers with each other are at lower levels. The DTT-1YG aglycosylated
construct also mainly forms FcyRI:FcyRI dimers in addition to slightly lower levels of
FcyRI:FcyRIIA167R and FcyRI:FcyRIIIA dimers, along with a lower concentration of
FcyRINA:FcyRINA dimers. There are very few FcyRIIA167H and FcyRIIB dimers, since
the DTT-1YG construct has no detectable binding to those two receptors.

The DAT-1YG construct is also mostly driven by FcyRI dimers, but also shows some
FcyRIIA dimers. It has very few FcyRIIA167H dimers, since it also had no measureable
binding to that receptor.

The HAT-1YG construct mainly has FcyRI:FcyRI dimers and a lower level of
FcyRI:FcyRIIA and FcyRITA:FcyRINA dimers. HAT-1YG has no detectable binding to
both the activating and inhibitory FcyRII. The 299A-1YG construct is unique in that it has
restored binding to all of the low affinity FcryR as shown in the heat map of all the low
affinity receptors. When observing the FcryRI:FcyRI dimer concentration level, it is lower
than that of the wild-type glycosylated antibody and the DTT-1YG and DAT-1YG constructs.

Aglycosylated variants promote phagocytosis of tumor cells

In order to determine if these aglycosylated variants displayed biological activity along with
their restored binding to the various human FcyR, a phagocytosis assay was conducted.
Macrophages, which express all of the FcyR, [5,24] were differentiated using GM-CSF
from monocytes isolated from human peripheral blood, were combined with B16F10 cells
that were pre-coated with or without antibodies. Macrophages were identified by staining
with an anti-CD14 antibody and analyzed on flow cytometry. Phagocytosis results indicate
that besides the wild-type glycosylated antibody, only the DTT-1YG and DAT-IYG
constructs promoted significant levels of phagocytosis (Fig. 3a).

Phagocytosis was further confirmed using microscopy. Cells only and N297Q treated cells
show very little phagocytosis, whereas cells treated with wild-type antibody or DTT-1YG
have higher levels of phagocytosis (Fig. 3b, Supplementary Fig. S5a). Aglycosylated
variants SGTA, DAT-1YG, HAT-1YG and 299A-1YG show intermediate levels of
phagocytosis (Supplementary Fig. S5a) in agreement with the flow cytometry data. Higher
magnification at 60x visually confirms engulfment of tumor cells in macrophages on an
individual cell level for samples treated with wild-type, SGTA, DTT-1YG, DAT-1YG, HAT-
IYG, and 299-1YG antibodies (Supplementary Fig. S5b). Phagocytosis assays confirm
restoration of biological activity in the new aglycosylated variants that initially lost their
ADCP activity with loss of glycosylation as represented by the N297Q variant.

Aglycosylated variants promote tumor killing in vivo

Aglycosylated variants were evaluated for proper /n vivo characteristics and stability through
pharmacokinetic (PK) studies. The PK of each antibody through intraperitoneal dosing was
measured in triplicate (Fig. 4a, Supplementary Fig. S6). The wild-type glycosylated
antibody has the longest beta half-life of approximately 108 hours, whereas the
aglycosylated antibodies N297Q, SGTA, DTT-1YG, DAT-1YG and 299A-1YG have similar
beta half-lives ranging from approximately 70-90 hours. The aglycosylated variant HAT-
I'YG has a shorter beta half-life of 54 hours, which suggests that /n vivoit is slightly less
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stable than the other antibodies. The PK studies suggest that the aglycosylated antibodies are
slightly less stable than the wildtype glycosylated antibody, but still have fairly long beta
half-lives that would allow them to be viable therapeutics.

In vivotumor control studies were conducted with aglycosylated variants in FcyR-
humanized mice, in which all human FcyR family members are expressed as BAC
transgenes on a murine FcyR-deficient background [25]. Antibody efficacy was assessed in
the B16F10 tumor lung metastasis model, by counting the number of metastatic foci in the
lungs (Fig. 4b). Wild-type antibody has decreased numbers of foci as compared to the PBS
control. The aglycosylated mutant DTT-1YG demonstrated the best tumor control and was
also significantly different from PBS, but not significantly different from WT treatment.
There was no statistical decrease in tumor foci in the DAT-1YG, HAT-1YG and 299A-1YG
treated mice as compared to PBS.

Hydrogen deuterium exchange characterization of DTT-IYG

Since aglycosylated mutant DTT-1YG demonstrated the best /7 vivo tumor clearance data,
we monitored differences in deuterium exchange between a glycosylated wild-type (WT)
IgG1 and the N297Q and DTT-1YG variants of the aglycosylated mutated IgG1’s to assess
the impact of the amino acid substitutions in the 1IgG1 conformation. Hydrogen/deuterium
exchange (H/DX) MS data were obtained for the entire antibody, but we mainly focused on
the results from the antibody Fc region, given that all mutations were localized to the
antibody CH2 and CH3 domains. In total 58 1gG1 Fc peptic peptides were identified and
compared. Because the mutations modified the amino acid sequences of the IgG1, different
peptides were produced in the region of the mutations. Comparing data from such different
peptides is challenging. We only report here the comparison of those peptides that were
identical in sequence (i.e. residues 242-252 vs. residues 242-252 etc.).

Comparing the glycosylated WT IgG1 with the aglycosylated mutants, as well as mutant to
mutant comparisons, revealed several areas of significant difference within the IlgG1-CH2
domain (Fig. 5) including residues 318-332, 278-295, and 243-252. Most of the protein
showed no differences in deuterium incorporation between WT and mutant proteins (e.g.,
residues 369-378, Fig. 5d; remaining data not shown). In both aglycosylated IgG1 mutants,
residues 243-252 incorporated more deuterium relative to the glycosylated WT IgG1 (Fig.
5a). These results were expected as removal of the IgG1 N-linked glycan is known to cause
increased deuteration in this region [26,27], most likely as a result of decreased H-bonds
between the glycan and the protein amide backbone. In addition to changes caused by
removal of the glycosylation, two regions were found to be different in the mutants: residues
318-332 of the FG-loop and residues 278-295 of the C’E-loop. For residues 318-332 (Fig.
5b) (this identical peptide was not detected for the WT IgG1), comparison between N297Q
and the DTT-1'YG mutant showed that while exchange was similar for shorter time points, it
was quite different at longer times (1min — 4 hrs). Such H/DX results suggest that the
proteins differed in structural dynamics [28]. Conversely, in residues 278-295 (Fig. 5c)
(again this peptide was not detected for the WT 1gG1) deuterium incorporation of DTT-1YG
was less than N297Q at early time points, suggesting that rapidly exchanging backbone
amide hydrogens usually found on the surface of proteins [29] were more protected from
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hydrogen exchange in DTT-1YG relative to N297Q. This difference disappeared as the
exchange time increases to 10 minutes through 4 hours indicating that their long-term
dynamics were similar.

The thermogram of the glycosylated WT IgG1 (Fig. 5f, black trace) exhibits 3 main peaks
with Tm values of about 60 °C, 72 °C and 84 °C. The main peak at 60 °C contains a large
fronting profile and is likely composed of 2 peaks, corresponding to the variable and CH2
domains, whereas the 72 °C and 84 °C peaks correspond to the CH1 and CH3 domains,
respectively. The DTT-1YG mutant (Fig. 5f, red trace) displayed a significant shift of the
60 °C peak to a lower temperature, losing about 3 °C to a Tm of 57 °C. The profile of the
peak was more symmetrical, indicating a more uniform and stable conformational
distribution. Additionally in DTT-1YG, the 72 °C peak appeared to gain stability with an
increase in Tm to 74 °C, indicative of a more stable conformation. The slight loss in stability
observed in the first peak (WT 60 °C vs. DTT-1YG 57 °C) correlates well with the increase
in H/D exchange observed in the upper CH2 domain (residues 318-332).

Discussion

In the present study, we demonstrate that aglycosylated IgG variants can be engineered to
engage FcyRINA at wild-type or improved levels, and that some of these variants can bind
to all of the human low-affinity FcyRs. In engineering these aglycosylated variants, we
chose a modular design strategy, based upon the hypothesis that properties imparted by
altered contact loops will be additive. By combining previously identified mutant
aglycosylated C’/E loops with an altered F/G loop isolated for improved FcyRINIAL76F
binding, we have generated a series of aglycosylated Fc variants capable of binding
FcyRIIA whose relative receptor binding properties mirror those of the C’/E loop variants
alone.

Previous work has shown reduced stability of deglycosylated wild-type hlgG1 [30] as well
as the reduced stability of a glycosylated Fc variant engineered for improved FcyR binding
[31]. Although we determined the biophysical properties and serum half-life of these 1gGs to
be comparable to wild-type, it was observed that some of the aglycosylated antibodies
tended to aggregate over time, which suggested slight instability.

The engineered panel of aglycosylated variants suggests there may be overlapping roles
between the activating FcyRs (FcyRI, FcyRIIA, and FcyRII1A) that can compensate for
each other in /n vitroand in vivo efficacy. Engagement with the inhibitory receptor FcyRIIB
might decrease efficacy results as shown with DAT-1YG. Interestingly, the HAT-1YG variant
demonstrated that sole engagement of FcyRIIIA was not able to induce phagocytosis or
demonstrate tumor control, which seems counter to prior works demonstrating that
FcyRIIIA engagement is necessary and sufficient for tumor clearance [10]. It is noted that
WT IgG1 was insufficient to enable Fc effector function [10], which suggests the need to
increase the binding affinity of HAT-1YG to FcyRIIIA for efficacy. Also, 299A-1YG
restored binding to all of the low affinity FcryRs and was expected to behave most similarly
to wild-type glycosylated antibody. In our studies, 299A-1YG also showed less activity
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compared to WT IgG1, which could also suggest a potential role for FcyRlI in the
phagocytosis assay.

We identified an aglycosylated variant, DTT-1YG, which engaged all of the activating
receptors without engaging the inhibitory receptor and demonstrates a maximum activating
to inhibitory (A/1) ratio. In biological activity assays, this variant also behaved the most
similar to the WT IgG1 and demonstrated near WT levels of phagocytosis and decreased
lung metastatic nodules. This further confirms the importance in engaging the activating
FcyRs for tumor control [10,25].

We further investigated the DTT-1YG to determine if it had any special structural properties
that accounted for its restored binding to the FcyRs. The use of mass spectrometry (MS) to
measure backbone amide hydrogen exchange (H/DX) in proteins has been described
previously [32]. The folded conformation of a protein can influence the exchange rate at
backbone amide positions, particularly in cases where hydrogen bonds are created or
destroyed. By measuring H/DX for the intact protein or for the peptides created after the
labelling reaction is quenched, information about protein conformation can be obtained.
Anything that perturbs the conformation of a protein, such as post-translational
modifications, protein activation, complex formation, etc., may perturb some of the amide
hydrogen exchange rates allowing one to observe the location and magnitude of
conformational changes. We previously demonstrated that H/DX MS could be used to
interrogate the conformational properties of an intact IgG1 antibody [26,27]. The H/DX data
from this study suggested that at residues 318-332, which includes the I'YG mutations, the
DTT-1YG aglycosylated variant had increased deuterium incorporation over longer periods
of time and differed from N297Q in structural dynamics. This increased incorporation could
suggest more accessibility of the region to enable binding to FcyRIHA. Interestingly,
peptide 278-295 showed less incorporation of deuterium at short periods of time, which
suggested less exposure of the backbone amide hydrogens initially. This peptide stretch
might have been impacted by the N297D/S298T (DTT) mutation downstream of the 278
295 peptide. The differences between H/DX between N297Q and DTT-1YG suggest the
aglycosylated DTT-1YG has less protection from deuterium exchange at a peptide region of
the FG loop, which could explain the restoration of FcyR binding.

Murine models and clinical data suggest a strong correlation between therapeutic activity
and the presence of the low-affinity FcyRs [4] — FcyRIA, FcyRIIB, FcyRIIA. Thus the
variants described here have provided a panel to test the importance of various combinations
of FcyR engagement in /n vivo efficacy; however, the panel is unable to demonstrate
whether a single activating receptor is sufficient for effector function. Higher affinity binders
to individual FcyRs tested in single receptor expressing transgenic mice would most likely
be able to demonstrate this sufficiency. Our study suggests that FcyRI may play an
additional role, though not necessarily an essential role, in /n vitroand in vivo studies.
Further confirmation with a mathematical model that suggests FcyRI:FcyRI and
FcyRI:FcyRINA dimers might be a driving force of phagocytosis.

We have found that the aglycosylated variant DTT-1YG may effectively substitute in these
models for wild-type Fc. In this study, we have engineered various aglycosylated 1gG1
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mutants that can theoretically be produced in any expression system without the need for
glycosylation and effectively engage with FcyRs, which expands the potential for antibody
variants for clinical therapeutics.

Experimental Procedures

Cell lines

Proteins

HEK?293F cells (Invitrogen) were cultured in Freestyle 293 expression medium (Invitrogen)
in suspension. The murine melanoma cell line B16F10 (ATCC) was cultured in DMEM
(ATCC) with 10% heat inactivated FBS (Invitrogen) and 100 U/ml penicillin and 100 pg/ml
streptomycin (Corning Cellgro). All cell lines were maintained at 37°C with 5% CO2. Cells
were subcultured every 2-3 days and when necessary detached using 0.25% trypsin and
1mM EDTA (Invitrogen).

DNA for transfection was obtained using a PureLink HiPure Plasmid FP Maxiprep Kit
(Invitrogen). Proteins were obtained through transient transfection of HEK293F cells with
DNA and 2 mg of polyethyleneimine per liter of culture per manufacturer’s protocol.
Supernatants were harvested and sterile filtered with a 0.2 um filter one week after
transfection. All antibodies were purified using Protein A resin (Genscript) per
manufacturer’s protocol. Proteins are all buffer exchanged and stored in 1x PBS.

Protein characterization

Proteins were run on a TSKgel G3000SWxI (Tosoh Bioscience) SEC-HPLC column in
50mM sodium phosophate, 150 mM NaCl pH 7.2 buffer. Dynamic light scattering (DLS)
analysis was performed on a DynaPro NanoStar (Wyatt Technology). Readings were taken
with UVette disposable cuvettes (Eppendorf).

Biacore characterization

Readings were taken on a Biacore T200 instrument (GE Healthcare Life Sciences). Antitetra
HIS antibody was immobilized to a CM5 series S chip using amine chemistry to a level of
14,000 RU. HIS-tagged human FcyR were diluted in HBS-EP+ binding buffer (GE
Healthcare Life Sciences) and captured on the chip. Aglycosylated and wild-type 1gG1
antibodies with TA99 variable regions were buffer exchanged into the HBS-EP+ buffer and
injected into the instrument in serial dilutions at various concentrations to measure the
binding. A hlgG1 was used as a control to confirm proper binding. Chip surfaces were
regenerated with 10 mM glycine pH 1.5. Binding affinities to FcyRI were determined using
kon and ks rates determined by global fits with the Langmuir model. The remaining
equilibrium binding constants to the low affinity FcyR were determined by plotting steady
state binding affinities.

Mathematical model

The mathematical model was modified from the one developed by Jung et a/. [19] to model
the phagocytosis of B16F10 melanoma cells by macrophages. In this system, free FcyR (Rf)
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can diffuse into the contact volume to become R, where free FcyR is equivalent to the
total FcyR (Rt) minus R¢y. Antibody (Ab) can bind to the antigen (Ag) with an equilibrium
constant of Kay, to become bound antibody (B). Only FcyR in the contact volume (R¢y) can
bind to bound antibody (B) with an equilibrium constant of Kg to form complexes (C). Only
complexes (C) can dimerize with an equilibrium constant of Kyqss to form dimers (D).

Rf Kaisr Rey

KA b

Ag+Ab<+—= B

KR
B+Re +—— C

C+C Kecross D

Using the system of equations at steady state as follows:

[RT - Rcv]:Kdi{f[Rcv}

[Ag][Ab]=K,,[B]

[B][ Rev]=K 4 [C]

[C][C]:KcrosS[D]

Several of the parameters, given in Supplementary Table 1, were used from Jung et al.
including tumor cell diameter, macrophage diameter, and the method of calculating contact
area and Kyjs. Antibody concentration used in the model was the same used in the
phagocytosis assays of 100 nM. The antigen expression number of TRP-1 on B16F10s was
measured using Quantum Simply Cellular anti-mouse beads (Bangs Laboratories). The total
FcyR level was taken from literature [33]. Kcross was calculated by using the dimer cross-
linking rate constant kynx and the dimer dissociation rate constant Kqyfx. The Kofrx Was taken
from Wofsy et al. to be 1x107° s™1 and the kg Was calculated to be kx,Ro/R,, Where the R,
was the initial cell surface FcyR expression [33]. This system of equations was expanded to
include all combinations of FcyR dimers and was solved in MATLAB using fsolve to obtain
the concentrations of the dimers. The data was normalized to the highest dimer value, wild-
type glycosylated antibody FcyRI:FcyRI dimer. In order to plot the data as heat maps, the
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log;o was taken of the matrices and 11 was added to the data to center the range around 0
with +/=11. This allows all of the data to be compared under the same scale.

Phagocytosis assay

Microscopy

Monocytes were isolated from whole human blood using RosetteSep™ Human Monocyte
Enrichment Cocktail (Stemcell Technologies). For differentiation into macrophages,
monocytes were seeded into a 96-well tissue culture plate at 1x10° cells per well and treated
with 50 ng/ml of recombinant human GM-CSF (Biolegend) in RPMI (Corning Cellgro) with
10% heat-inactivated fetal bovine serum (Invitrogen) and 1x penicillin-streptomycin
solution on days 0, 2 and 5 after harvest. Cells were ready to use on day 7 after harvest and
treatment with GM-CSF.

B16F10s were detached with 0.25% trypsin and 1mM EDTA, and washed and resuspended
with 1xPBS and 0.1% Bovine serum albumin (PBSA) at 5x106 cells/ml. Cells were labeled
with 5uM carboxyfluorescein succinimidyl ester (CFSE) for 10 minutes at room temperature
in the dark. Cells were then quenched with excess PBSA and washed two more times with
serum free DMEM. Cell lines were then incubated with 100 nM of TA99 higG1 WT,
N297Q, SGTA, DTT-1YG, DAT-1YG, HAT-1YG, or 299A-1YG for 30 minutes at room
temperature in the dark. Cells incubated in protein were then transferred to the 96-well plate
the macrophages were seeded in previously. Plates were incubated at 37°C with 5% CO, for
at least 3 hours to allow for phagocytosis.

After phagocytosis, plates were pelleted, supernatants removed, and incubated with Versene
(Invitrogen) for 15 min at 37°C with 5% CO,. Cells were transferred to a new plate and
washed with excess PBSA before staining for 1 hour at 4°C with an anti-human CD14 Alexa
Fluor 647 (Biolegend) antibody as a macrophage marker. Plates were analyzed on a
FACSCalibur HTS instrument.

Imaging was performed on an Applied Precision DeltaVision (GE healthcare) deconvolution
microscope. The phagocytosis assay was prepared as stated above with 3x10° macrophages
per well in an 8 well Lab-Tek Chambered Coverglass (Thermo Scientific). 1x10° CFSE
labeled B16F10 cells were incubated with the proteins and then added to the macrophages
for at least 3 hours before imaging. Samples were stained with anti-human CD14 Alexa
Fluor 647 antibody before imaging on the DeltaVision microscope. Images were recorded on
the 20x lens and 60x oil lens.

Pharmacokinetic study

Animal work was conducted in accordance with federal, state, and local guidelines under the
approval of the Massachusetts Institute of Technology Division of Comparative Medicine.
Animals were maintained under pathogen-free conditions. C57BL/6 mice were injected
intraperitoneally with 100 pg of antibody labeled with IRDye® 800CW (LI-COR
Biosciences). Time points are measured by taking samples of blood at the tip of the tail
immediately after injection at 0 hour and then subsequent hours after at 1, 3, 5, 8, 12, 24, 25,
27,29, 32, 48, 72, 96, and 120 hrs after injection. Fluorescent readings are read on the
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Odyssey scanner (LI-COR Biosciences) and taken on serum only. All readings are
normalized to the first reading and fit to: C(t) = Ae~*t + Be Pt. All PK studies were
conducted in triplicate with three separate mice. Because with an IP injection it takes a while
for the antibody to distribute into the blood, the first 2 time points were ignored for the curve
fit for SGTA, DAT-1YG, HAT-IYG, and 299A-1YG. For WT, N297Q, and DTT-1YG the first
3 time points were ignored for the curve fit.

Lung metastasis model

All mice were maintained under specific pathogen-free conditions and studies were
performed under the approval of the Rockefeller University Institutional Animal Care and
Use Committee. The B16F10 cells (1x10° cells) were injected intravenously through tail
vein into FcyR-humanized C57BL/6 mice [10,25]. TA99 aglycosylated variants were
injected I.P. on days 0, 2, 4, 7, 9, and 11 at 100 pg per mouse. After two weeks, the mice
were euthanized and the lungs were harvested and fixed in Fekete’s solution before lung
metastasis nodules were manually counted.

Statistical Analysis

One-way ANOVA with Dunnett’s multiple comparisons test were performed for the
phagocytosis assay and the lung metastasis study. The phagocytosis percentages
(%CD14+CFSE+) were compared to the negative control “cells only” and the lung
metastatic foci compared to the PBS control with the various antibody treatments. Statistical
significance was determined for p-values below 0.05.

Hydrogen/deuterium exchange mass spectrometry

Hydrogen/deuterium exchange was performed as previously described [26]. Briefly, 1.0 pL
aliquots of IgG1 (~ 20 uM) were diluted into 19 uL of deuterated buffer (50 mM sodium
phosphate, 100 mM NacCl, pD 6.0) and incubated for various amounts of time (10 seconds,
1, 10, 60 and 240 minutes) before quenching with a 1:1 dilution of 200 mM sodium
phosphate, 0.5 M TCEP and 4 M guanidine HCI, pH 2.3. The quench dilution reduced the
pH to 2.6 while simultaneously unfolding the protein and reducing disulfide bonds [27].
Quenched samples were digested online with pepsin, desalted, and separated using a Waters
UPLC system designed for H/D exchange [34]. An 8 minute linear acetonitrile gradient (5-
55%) was used to separate the peptides. Eluate was directed into a Waters QTof Premier
mass spectrometer with electrospray ionization and lock-mass correction (using Glu-
fibrinogen peptide). Mass spectra were acquired from 255 to 1800 m/z.

Pepsin fragments were identified using a combination of exact mass and MSE, aided by
Waters Identity® software [35]. Peptide deuterium levels were determined as described by
Weis et al. using the Excel based program HX-Express [36] and other custom macros. No
adjustment was made for deuterium back-exchange during analysis and therefore all results
were reported as relative deuterium level [32]. The peptic peptides identified and followed
covered 97.3 % of the IgG1 sequence. Each analysis was repeated twice. Based on our
observations using historical data along with repeat injections, the error of deuterium level
determination was £0.15 Da for each data point, similar to that reported elsewhere [27,37].
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Therefore, we concluded that reproducible changes in deuterium content greater than 0.5 Da
were meaningful.

Differential scanning calorimetry

DSC measurements were performed using a MicroCal capillary VP-DSC system
(Northampton, MA, USA) with Origin VPViewer2000 version 2.0.64 controlling software.
Sample concentrations for DSC measurements were 0.5 mg/mL in 1gG1 buffer. The
thermograms were generated by scanning the temperature from 25 to 100 °C at a rate of

2 °C / minute. All data was processed using Origin 7SR2 software.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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IYG K3261/A327Y/L328G
DLS dynamic light scattering

GM-CSF  Granulocyte macrophage colony-stimulating factor
PBS Phosphate-Buffered Saline

H/DX MS  Hydrogen deuterium exchange mass spectrometry
DSC Differential scanning calorimetry

ADCP antibody dependent cellular phagocytosis
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Highlights

Previous Fc engineered aglycosylated antibodies restored binding to FcyRI or
FcyRII

We have aglycosylated variants that restore binding to all low-affinity FcyR
In vitro phagocytosis and /1 vivo tumor control confirm activity of Fc variants
Mathematical modeling and H/DX were used to characterize the Fc variants

We have an aglycosylated variant that may effectively substitute for wild-type
Fc
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HAT-IYG 5.154 229
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Characterization of aglycosylated antibodies. (a) Cartoon representation of the crystal
structure of the hlgG1 Fc complex with hFcyRIIl (PDB ID 1E4K). FcyRIII is shown in
green, and both chains of the Fc in pale blue. Fc contact surfaces are colored: lower hinge
(orange), B/C loop (blue), C’/E loop (red), and F/G loop (purple). Fc glycosylation is shown
in yellow. Sequences identifying Fc mutagenized regions of the lower hinge, B/C loop, and
C’/E loop. (b) SDS-PAGE gel of reduced antibodies. Aglycosylated heavy chains
demonstrate higher mobility on the gel because of the lack of the large glycosylation group
(c) SEC-HPLC profiles of aglycosylated constructs. (d) Aglycosylated constructs measured
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with DLS at 1 mg/ml in 1xPBS buffer. Hydrodynamic radii fall within the normal antibody
range of 5-6nm. % Polydispersity demonstrates whether the protein preparations are
monodisperse (below 20% is considered monodisperse).
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Mathematical Model of Phagocytosis. (a) Diagram of phagocytosis where the red dotted
outline represents the contact volume between tumor cell (top) and macrophage (bottom).
Antibody “Ab” can bind to the antigen “Ag” with an equilibrium constant of Ky, to become
bound antibody “B”. Free FcyR “R¢” can diffuse into the contact volume (red dotted line) to
become Ry, and only FcyR in the contact volume “Rg,” can bind to bound antibody “B”
with an equilibrium constant of Kg to form complexes “C”. Only complexes “C” can
dimerize with an equilibrium constant of Kyoss to form dimers “D”. (b) Heat maps of
normalized dimer concentrations based on the mathematical model. Heat maps are plotted
on log10 scale. Red signals an increase in concentration and blue a decrease in
concentration. Labels represent each different human Fc-y receptor and allelic variants.
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Figure 3.
Phagocytosis of tumor cells driven by aglycosylated antibodies. The negative control of

“cells only” combine monocytes/macrophages with B16F10 tumor cells, which leads to a
basal level of phagocytosis. Wild-type glycosylated antibody serves as the positive control.
N297Q aglycosylated antibody serves as a second negative control. Macrophages are stained
as CD14+ cells and B16F10 tumor cells as CFSE+. (a) Phagocytosis assay conducted from
macrophages that were derived from monocytes harvested from whole human blood and
matured with human GM-CSF. *** p-val < 0.001, **** p-val <0.0001 as compared to
negative control of cells only (b) Microscopy images of phagocytosis of CFSE+ B16F10
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cells (green) by CD14+ macrophages (red) at 20x. Arrows point to phagocytosis events.
Scale bars at 50 pum.
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(a) Sample tiz,a (hrs) tiz,B (hrs)
WT 17.48 108.28
N297Q 15.55 89.67
SGTA 10.32 81.66
DTT-IYG 13.00 77.99
DAT-IYG 12.01 89.43
HAT-IYG 10.69 53.89
299A-1YG 9.20 76.78
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Figure 4.
In vivo pharmacokinetic characterization and lung metastasis reduction with aglycosylated

variants. (a) Table of alpha half-lives and beta half-lives of each aglycosylated antibody
based on pharmacokinetic curves. Readings are fit to: C(t) = Ae™@! + Be Pt, Each study was
done in triplicate. (b) Aglycosylated antibodies were used to treat B16F10 lung metastases.
Wild-type (WT) glycosylated 1gG1 serves as the positive control and PBS serves as the
negative vehicle control. ** p-val < 0.01 as compared to negative control of PBS treatment.
Other treatments were not significantly different from PBS. DTT-1YG was not significantly
different from WT treatment. Five to 10 mice were used per group.

J Mol Biol. Author manuscript; available in PMC 2018 August 04.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Chen et al.

Relative Deuterium Level

b ek kb

Page 26

278-295 -Wild type
243-252 (€) (f) G | -OTTve
318-332 7—813
25
243-252 &,
2)
s 30 40 50 60 70 80 90
8 b Temperature,°’C
: (b) 69-378 P
4
2
%1 1.0 70 1007000
2 278-295 g 369-378
2 6
2 (c) 2| (d)
8 4
2 g
2 1 .—ﬁ—-‘—‘/
Q.17 7070 1007000 907 7.0 70 1007000
Time (min)
Figure 5.

Comparison of deuterium levels in glycosylated WT 1gG1 versus aglycosylated 1gG1
mutants N297Q and N297D/S298T/K3261/A327Y/L328G. (a—d) The relative percent
deuteration is shown for four heavy chain peptides (a) 243-252, (b) 318-332, (c) 278-295
and, (d) 369-378. For each measurement the error was + 0.15 Da (see the Material and
Methods). (e) The structure of the IgG1 Fc region (PDB ID 1HZH19): glycans are colored
cyan and peptides with differences in exchange are colored red (318-332), blue (278-295)
and green. (f) DSC thermograms of two IgG1 variants. The glycosylated WT IgG1 trace is
shown in solid black whereas the mutated DTT-1YG is shown in red.
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