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ABSTRACT
Immunoglobulin G (IgG) has served as a traditional framework for antibody-based biology, and engi-
neering approaches for creating multispecific therapeutics have greatly expanded its applicability. 
Despite these developments, there are limits to the functionality of IgG with respect to effector cells 
that can be activated and paratope valency that can be obtained. Other Ig isotypes have distinct 
functions that can engage and activate different effector cells, and some can be found naturally in 
higher-order assemblies. In an effort to expand the repertoire of multispecific designs for other antibody 
isotypes, we present here engineering of the first heterodimeric IgA Fc that can be produced at high 
purity with native IgA-like thermal stability. The crystal structure confirmed the accuracy of the in silico 
model used for engineering and that the mutations introduced at the CH3 interface do not perturb the 
overall IgA Fc structure. Affinity measurements and on-cell neutrophil binding demonstrated that the 
heterodimeric IgA Fc retains the ability to bind FcαRI, an important prerequisite for IgA-based ther-
apeutics designed to interact with effector cells, such as neutrophils. Given the ability of IgA antibodies 
to multimerize via interaction with the J-chain, the designs presented here could also be used to 
generate multispecific, multimeric scaffolds that leverage valency to increase clustering and specificity 
via avidity. Taken together, the newly developed heterodimeric IgA Fc platform allows for the devel-
opment of novel, multifunctional, and multimeric molecules that have the potential to transform the 
next generation of antibody therapeutics.
Abbreviations: CE-SDS: capillary electrophoresis sodium dodecyl sulfate; DSC: differential scanning calori-
metry; FACS: fluorescence-activated cell sorting; FSA: full-sized antibody; Her2: human epidermal growth 
factor receptor 2; MFI: mean fluorescent intensity; OAA: one-armed antibody; PBS: phosphate-buffered 
saline; PDB: Protein Data Bank; SEC: size-exclusion chromatography; prepSEC (preparative SEC); RMSD: 
root-mean-square deviation; RU: resonance units; SPR: surface plasmon resonance; TAA: tumor-associated 
antigen; WT: wild-type.
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Introduction

To date, all approved antibody-based clinical biologics contain 
an immunoglobulin G (IgG)-derived framework. Widespread 
development of IgG-based therapeutics has been made possible 
due to extensive efforts to optimize methods for IgG manufac-
turing and to characterize and optimize IgG stability, target 
binding affinity, effector function, and half-life. IgG-derived 
monoclonal antibodies have also been used as scaffolds to engi-
neer next-generation multifunctional, multispecific biologics, 
a number of which are used in the clinic.1 Examples of these 
include immune cell-redirecting bispecifics, multispecifics tar-
geting multiple tumor-associated antigens, multiple checkpoints 
or a combination of the two, and biparatopic antibodies that 
target different epitopes of the same target.1–3

For many of these, a heterodimeric Fc is the key prerequisite 
to manufacture a stable and pure multispecific therapeutic. 
Several heterodimeric IgG Fc platforms have been developed 
using a variety of rational design approaches. For example, 

electrostatic4–6 and steric6–8 design strategies based on the intro-
duction of point mutations in the CH3 domain of the IgG Fc can 
drive heterodimer formation and exclude homodimer forma-
tion. Other methods are based on engineering chimeric CH3 
domains to incorporate portions of IgG and other antibody 
isotypes (such as IgM, IgA, and IgD) or T-cell receptors that 
favor heterodimeric over homodimeric Fc pairs.9,10

Although IgG is the most understood and therapeutically 
utilized antibody isotype, there are limitations to its utility in 
terms of effector cell types that can be engaged and activated 
and maximum paratope valency that can be achieved. There is 
increasing evidence that IgA could represent an avenue toward 
novel therapeutic strategies due to its ability to form multimers 
and interact with FcαRI (CD89).11–15 IgA consists of two sub-
classes, IgA1 and IgA2, and a set of distinct allotypes16 and can 
form dimeric, tetrameric, and pentameric multimers via the 
interaction of its tailpiece with the J-chain.17 IgA Fc can bind to 
FcαRI expressed on myeloid cells, and via this receptor can 
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potently activate neutrophil cellular cytotoxicity. Neutrophils 
are an integral part of the innate immune system and are the 
most abundant leukocytes found in the human blood.18 

Activation of neutrophils can lead to a variety of potent pro- 
inflammatory effects, including the recruitment of additional 
effector cells via chemokine secretion, degranulation, produc-
tion of reactive oxidative species, and killing of target cells or 
pathogens via antibody-dependent cellular cytotoxicity and 
antibody-dependent cellular phagocytosis.18 A recently discov-
ered mechanism for neutrophil-mediated tumor cell clearing 
by trogocytosis of IgA-opsonized tumor cells has also been 
described.19–25 Some of these neutrophil-mediated effector 
functions have recently been exploited in the development of 
IgA-based therapeutics aimed at solid and liquid tumor cell 
killing or clearance of infectious disease-causing pathogens.13 

Furthermore, it has been shown that the IgA-mediated killing 
of tumor cells by neutrophils can be enhanced by concurrently 
eliciting CD47-SIRPα checkpoint blockade.26

Although IgA has broad therapeutic potential and is the 
focus of a growing body of work,11,27,28 current technical 
hurdles around IgA half-life (6 days) and manufacturability 
have stalled translation of IgA-based molecules into clinical 
candidates. As a result, several antibody engineering strategies 
aimed at circumventing these limitations while maintaining 
FcαRI-engagement have been pursued. These range from 
designing a bispecific IgG antibody, with one binding arm 
targeting FcαRI,29 to engineering IgG/A hybrid and chimeric 
molecules aimed at combining long half-life and proven devel-
opability of IgG with the effector functionality of IgA.25,30

Taken together, IgA shows potential for a wide array of 
therapeutic applications ranging from immuno-oncology and 
infectious diseases to autoimmunity. Similar to how a hetero-
dimeric Fc expanded the accessible formats for IgG, a solution 
for a heterodimeric IgA Fc could open a new chapter in anti-
body-based therapeutics. Here, we present engineering of 
a heterodimeric IgA Fc scaffold with high purity and native 
IgA-like stability and retained ability to bind FcαRI. This newly 
designed scaffold provides a first-in-class stable and manufac-
turable multispecific IgA platform capable of activation of 
neutrophils via the FcαRI. A multispecific IgA platform in 
turn provides access to new biological pathways for next- 
generation, multifunctional, IgA-based immunotherapies and 
thus functionalities that are untapped by IgG.

Results

A heterodimeric IgA Fc was designed using a rational 
structure-based in silico approach

To design a heterodimeric IgA Fc, we used a rational structure- 
guided in silico design approach. As described in the Methods, 
mutations in the IgA CH3:CH3 interface were structurally mod-
eled and energetically evaluated using physics-based and knowl-
edge-based in silico metrics. Mutations were selected according to 
their predicted ability to disrupt homodimeric Fc formation (nega-
tive design) while stabilizing a heterodimeric Fc (positive design) 
(Figure 1a, b). The in silico design metrics used to determine the 
combinations of mutations to be tested in vitro for their ability to 
favor formation of heterodimeric IgA Fc are shown in Table S1.

The mutations tested to drive heterodimeric IgA Fc forma-
tion and exclude IgA Fc homodimerization can largely be 
grouped into either steric or electrostatic designs, as illustrated 
in Figure 1a. Designs were ranked based on the predicted 
energetic differences between homo- and hetero-dimers. Top 
steric designs contained mutations that introduced large 
hydrophobic side chains, such as phenylalanine, tyrosine, 
methionine, and tryptophan at positions A412 and T414 on 
one Fc chain (referred to throughout as chain A) and substitu-
tion of W398 on the opposite chain (referred to throughout as 
chain B) for a residue with a small side chain, such as threonine 
or leucine. Mutations at these three amino acid positions were 
ultimately selected as the core steric design predicted to favor 
heterodimer formation and were part of all steric designs tested 
in vitro (Table 1).

The electrostatic designs tested here involved the introduc-
tion of salt bridges to promote heterodimerization, whereas 
homodimerization was disfavored by electrostatic repulsion of 
same charge residues across the CH3:CH3 interface. All elec-
trostatic designs included the replacement of the R372-R418 
pi–pi interaction in the CH3:CH3 interface with a salt bridge 
(Table S2). This newly constructed salt bridge was accompa-
nied by the introduction of additional salt bridges between 
buried residues in the hydrophobic core of the interface (e.g., 
T366, L372, I416, Figure 1a). Replacement of an important 
arginine pi–pi stacking interaction found in the wild-type IgA 
Fc, as well as introduction of charged residues in the environ-
ment of the buried core as described here, had the potential to 
significantly skew the energetics of the CH3 interface to favor 
heterodimerization, but also carried significant risk of destabi-
lization of the protein.

High purity of heterodimeric IgA Fc was observed for steric 
designs

To assess whether the heterodimeric IgA Fc designs identified 
in silico resulted in increased heterodimeric purity in vitro, 
mutations were introduced in a one-armed antibody (OAA) 
format of IgA where chain A consisted of a modified IgA2m1 
Fc21 with an IgG Fab and chain B consisting of only the 
modified IgA2m1 Fc to allow for separation of homodimers 
and heterodimers by molecular weight (Figure 1c). Using this 
size-based strategy, mutations that drive the formation of het-
erodimeric IgA Fc (chain A + chain B OAA, 95 kDa) could be 
resolved from chain A homodimers (chain A + chain A full- 
sized antibody (FSA) species, 142 kDa) and chain 
B homodimers (chain B + chain B dimeric Fc species, 47 
kDa). Expression of a wild-type IgA OAA, in the absence of 
heterodimeric Fc-driving mutations, yielded a mix of species. 
Specifically, homodimeric FSA (~25%), homodimeric Fc-only 
(~25%), and heterodimeric OAA species (~50%) were detected 
in capillary electrophoresis sodium dodecyl sulfate (CE-SDS) 
and analytical size-exclusion chromatography (SEC) 
(Figure 2a, b). This result was consistent with the expected 
theoretical distribution of antibody species following the equi-
molar expression of both wild-type IgA Fc chains.7

Variants containing mutations that were predicted to pro-
mote heterodimer formation showed notably different expres-
sions and distributions of antibody species when compared to 
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wild-type IgA OAA. Variants containing electrostatic design 
mutations (Table S2) did not result in detectable expression in 
culture supernatant as determined by SDS-PAGE (data not 
shown). This result supports our hypothesis regarding the 

importance of the arginine pi–pi interactions for the stability of 
the IgA CH3:CH3 interface. Conversely, variants containing 
mutations to drive heterodimerization of the Fc via steric designs 
1–11 (Table 1) had detectable expression as determined by SDS- 

Figure 1. Steric and electrostatic in silico design strategies to drive IgA Fc heterodimer formation and OAA format used to test designs in vitro. (a) Cartoon depictions of 
steric and electrostatic negative and positive design concepts for in silico modeling of mutations to drive heterodimerization of an IgA Fc (left). Examples of structural 
models of steric and electrostatic designs in an IgA CH3 predicted to favor heterodimer formation of the Fc (right). Cartoon depiction of concepts are overlayed on the 
structural models for clarity. (b) Example of in silico knowledge-based and physics-based metrics used to rank favorable steric and electrostatic designs (single design 
shown). (c) Antibody formats used to test heterodimeric designs in vitro. Mutations favoring formation of a heterodimeric IgA Fc assemble into a OAA species that can 
be resolved by size from homodimeric Fc-only and full-sized antibody species. The OAA used is composed of anti-Her2 IgG1 Fab, IgG1/IgA2 hybrid hinge and IgA2m1 Fc.

Table 1. Summary of purification results and CH3 thermal stability of heterodimeric IgA Fc steric designs.

Design Chain A Mutations Chain B Mutations

Post-affinity Purification Post prepSEC Purification

HPLC-SEC 
OAA purity 

(%)

CE-SDS 
OAA purity 

(%)

Total yield 
(mg/L 

culture)

HPLC-SEC 
OAA purity 

(%)

CE-SDS 
OAA purity 

(%)

OAA yield 
(mg/L 

culture)

CH3 
Tm 

(°C)**

Wild-type NA NA 52 49 324 91 92 76 74.2
Steric 1 A412Y_T414L L396T_W398L_I416L 49 36 148 98 93 36 71.1
Steric 2 A412Y_T414Y L396T_W398L_I416L 65 55 240 97 96 76 55.0
Steric 3 A412F_T414Y L396V_W398L_I416L 91 89 328 100 98 136 65.9
Steric 4 L370M_A412F_T414W W398L 5 3.7 60 NA NA NA NA
Steric 5 A412Y_T414M L396V_W398L_I416L NA NA NA NA NA NA NA
Steric 6 * A412F_T414Y L396V_W398T_I416L 96 92 320 100 97 100 71.9
Steric 7 T366V_A412F_T414Y L396V_W398T_I416L 82 31 130 100 99 52 69.2
Steric 8 T366L_A412F_T414Y L396V_W398T_I416L 75 97 370 100 95 140 67.6
Steric 9 T366I_A412F_T414Y L396V_W398T_I416L 87 97 390 100 95 210 69.0
Steric 10 * A412F_T414Y L352F_L396V_W398T_I416L 72 88 370 100 85 82 72.0
Steric 11 * H349Y_A412F_T414Y H350Y_L396V_W398T_ I416L 74 95 440 100 93 71 73.6

*Lead variants. **Tm of CH3 domain determined by DSC. NA = Not applicable, variants did not express in sufficient quantity.
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PAGE (data not shown). However, steric 5 did not yield sufficient 
material to support further characterization. All other designs 
(steric 1–4, steric 6–11) were purified by affinity chromatography 
for further analysis by CE-SDS and analytical SEC. In addition to 
the chain A/chain B OAA heterodimers, varying levels of Fc-only 
chain B homodimers and half antibody species were observed, 
while FSA chain A homodimers were not present for any of the 
steric designs (Figure 2a). Steric designs 3, 6, 10, and 11 showed 
the highest purity of OAA heterodimeric species, with steric 6 
reaching heterodimeric purity of >95% by both CE-SDS and 
analytical SEC (Table 1, Figure 2a, b). Conversely, steric 4 con-
tained no OAA heterodimer or FSA homodimer species, but only 
Fc-only homodimer and the corresponding chain B by itself, 
indicating a problem in the expression of chain A in this design.

Heterodimeric IgA OAA species from steric 1–3 and steric 
6–11 designs as well as the wild-type IgA OAA were further 
purified by prepSEC to remove any FSA (chain A homodimer) 
or Fc-only species (chain B homodimer). Analysis by CE-SDS 
and HPLC-SEC was used to confirm purification of highly 
homogeneous samples containing 90–100% of OAA heterodi-
meric IgA species and final yields ranged from 30 to 200 mg/L 
of expression culture (Table 1).

Lead steric designs showed thermal stability similar to 
wild-type IgA by differential scanning calorimetry

Differential scanning calorimetry (DSC) was performed on the 
purified IgA OAAs to assess how the introduced mutations 

Figure 2. Lead steric designs 6, 10, and 11 drive formation of a heterodimeric IgA Fc as determined by formation of OAA species in vitro and possess wild-type IgA-like 
thermal stability. (a) Non-reducing CE-SDS profiles of IgA Fc OAA variants after affinity purification. Data are shown for variants comprising a wild-type IgA CH3 and 
those containing heterodimer-driving mutations from steric designs 1–4 and 6–11. (b) Analysis of IgA OAA variants by analytical SEC after affinity purification. Data is 
shown for a wild-type IgA Fc (left) as well as steric design 6 (right). (c) Overlay of DSC thermograms measured for SEC-purified wild-type IgA Fc (black) and heterodimeric 
IgA Fc containing mutations from steric designs 2 (red), 3 (orange), 6 (yellow), 10 (light green), and 11 (green) OAA variants. The first and second transitions are 
attributed to CH3 and CH2 + Fab unfolding, respectively.
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driving heterodimer formation in the lead steric designs 2, 3, 6, 
10, and 11 affected the thermal stability of the heterodimeric 
IgA Fc compared to wild-type IgA. The DSC thermogram of 
wild-type IgA OAA with an unmodified IgA CH3:CH3 inter-
face showed two transitions, the first one at 74.2°C and 
a second higher enthalpy transition at 81.0°C (Figure 2c). 
The second transition at 81.0°C was detected for all investi-
gated IgA OAAs and can be attributed to the overlapped 
unfolding of both the Fab and the CH2 domain, neither of 
which was mutated in the tested designs. The Tm of the first 
transition varied depending on the mutations introduced in the 
steric designs and was assigned to the unfolding of the CH3 
domain. Of note, this first transition in IgA thermal unfolding 
has previously been attributed to the unfolding of CH2.25 

However, data presented herein suggest that this first, lower 
temperature transition in IgA stems from CH3 unfolding and 
that the order of thermal stability of CH2 versus CH3 in IgA is 
reversed when compared to IgG.

The three designs that showed the highest CH3 thermal stabi-
lity were steric 6, 10, and 11 with CH3 Tm values observed at 
71.9°C, 72.0°C, and 73.6°C, respectively (Figure 2c, Table 1). The 
modified CH3 in steric designs 3 and 2 were destabilized com-
pared to wild-type IgA CH3 with Tm values of 65.9°C and 55.0°C, 
respectively (Figure 2c, Table 1). The thermal stability of the CH3 
domain of heterodimeric variants bearing steric 6, 10, or 11 design 
mutations was within ~2°C of the wild-type IgA CH3, and these 
mutants were identified as lead variants (Table 1).

A crystal structure of the heterodimeric IgA Fc revealed 
a heterodimeric interface consistent with in silico models 
and a retained overall wild-type-like IgA Fc structure

As efforts to crystallize heterodimeric IgA Fc on its own were 
not successful, a crystallization strategy using heterodimeric 
IgA Fc (steric 6) in complex with SSL7 at 1:2 stoichiometric 
ratio was pursued. Figure 3a shows the heterodimeric IgA Fc 

Figure 3. The crystal structure of heterodimeric IgA Fc steric design 6 was solved in complex with S. aureus SSL7 (PDB ID: 7TTZ). The heterodimeric IgA Fc has high 
structural homology with the predicted in silico model and differs from wild-type IgA Fc only at the CH3:CH3 interface. (a) Cartoon representation of the heterodimeric 
IgA Fc (steric 6) in pale cyan and pale green in complex with two S. aureus SSL7 monomers in pale orange and pale yellow (PDB ID: 7TTZ). (b) Superimposition of the 
heterodimeric IgA Fc (steric 6) crystal structure (pale blue and pale green) and wild-type IgA Fc (PDB ID: 2QEJ; gray) illustrates the structural homology between 
heterodimeric and homodimeric IgA CH2 and CH3 domain structure. The peptide backbone is drawn as ribbon and mutated residues and equivalent wild-type residues 
in the CH3:CH3 interface are drawn as sticks. (c) Cartoon representation of heterodimeric IgA (steric 6) CH3:CH3 interface with mutated residues drawn as sticks (right) 
compared to wild-type homodimeric IgA Fc (PDB ID: 2QEJ) interface (left) and the predicted in silico model (middle).

MABS e2141637-5



structure obtained in complex with SSL7 (Protein Data Bank 
(PDB) ID 7TRZ). The structure was solved to 2.35 Å resolution 
by molecular replacement using the previously solved 3.2 Å 
resolution homodimeric IgA Fc:SSL7 structure (PDB ID 2QEJ) 
as a search model. Data collection and refinement statistics are 
summarized in Table S3. The heterodimeric IgA Fc:SSL7 pro-
tein complex crystallized with one SSL7 bound to each IgA Fc 
protomer in the asymmetric unit, analogous to the 2QEJ struc-
ture (Figure 3a, b). Overall, the heterodimeric IgA Fc has a high 
structural homology with the wild-type homodimeric IgA Fc 
from both previously reported IgA Fc structures in PDB IDs 
2QEJ and 1OW0 with RMSD (root-mean-square deviation) of 
0.94 Å and 0.88 Å across Cα atoms in the Fc, respectively. 
Analysis of the electron density surrounding individual hetero-
dimerizing mutations in IgA Fc steric 6 (chain A – A412F and 
T414Y; chain B – L369V, W398T, and I416L) revealed 
a mixture of the two possible orientations of the asymmetrical 
CH3:CH3 domain interface in the asymmetric unit. Based on 
the observation that one orientation nonetheless predominated 
and the inability to accurately deconvolute the two forms, the 
mutated residues were modeled at 100% occupancy.

The mutated amino acid side chains in the heterodimeric IgA 
Fc were found to be fully buried at the CH3:CH3 interface in the 
crystal structure, except for L396V, which had 18% solvent- 
exposed surface area (vs. 4% for wild-type L396). In addition 
to targeting buried residues that are part of direct interactions 
across the interface and therefore have high energetic contribu-
tions to dimerization, this design strategy was intentionally 
followed to preserve the surface and two-fold rotational sym-
metry of the native IgA Fc. Consistent with the in silico predic-
tion and modeling, the mutations introduced regions of steric 
complementarity and promoted assembly of a heterodimeric 
IgA Fc. The RMSD of the heterodimeric IgA Fc CH3 structure 
relative to the computationally modeled structure was 1.2 Å 
across Cα atoms for residues 345–450. When comparing the 
side-chain orientations, several residues showed different rota-
mers in the in silico model when compared to the crystal struc-
ture, but overall, key interchain interactions were observed as 
predicted (Figure 3c). For example, the introduction of a T414Y 
mutation created a new interchain hydrogen bond between the 
T414Y hydroxyl and the previously unsaturated T368 hydroxyl, 
as predicted by the in silico model (Figure S1).

The crystal structure of the heterodimeric IgA Fc also pro-
vides insight into the disulfide connectivity at the hinge of IgA. 
The data collected here support a model with intrachain dis-
ulfide bonds between C242 and C301 in each chain and an 
interchain disulfide bond between C299 and C299. This is 
consistent with the disulfide pattern modeled in PDB ID 
2QEJ but differs from PDB ID 1OW0, which models interchain 
disulfides between Cys 242 and Cys 299 (Figure S2a, c). 
Furthermore, the analysis of the electron density suggests that 
a population of molecules in the heterodimeric IgA Fc crystal 
may also contain an interchain disulfide bond between C241 
and C241, though it is not modeled by the final structure 
(Figure S2b, c). It is possible that there is a mix of reduced 
cysteines, oxidized cysteines, and interchain disulfide bonded 
cysteines present at position C241.

Heterodimeric IgA Fc designs show preserved binding to 
FcαRI by surface plasmon resonance

To investigate the possibility that mutations introduced at the 
CH3 interface in the steric designs could alter FcαRI- 
dependent IgA effector function, the binding affinity of lead 
IgA variants (steric 6, 10, 11) for FcαRI was measured by 
surface plasmon resonance (SPR). For wild-type IgA Fc, an 
apparent KD value of 11 nM was observed (Table S4). As the 
IgA Fc contains two binding sites for the FcαRI, but the data 
were fitted to a 1:1 Langmuir binding model, a poor fit was 
obtained (Figure 4a, top). Kinetic binding analysis of hetero-
dimeric IgA Fc (steric 6, 10, and 11) OAAs and wild-type IgA 
Fc OAA to FcαRI yielded an apparent KD of 23, 22, and 15 nM, 
respectively (Figure 4a, bottom, Figure 4b, Table S4). The 
measured 1.5 – 2-fold difference in apparent affinity measured 
between wild-type and heterodimeric IgA Fc OAA variants 
suggests that the CH3 interface mutations in steric designs 6, 
10, and 11 do not strongly affect binding to FcαRI and are 
unlikely to compromise downstream cellular effector func-
tions. This finding is further supported by the high structural 
homology measured between the crystal structure of hetero-
dimeric IgA Fc (steric 6) compared to wild-type IgA Fc 
(Figure 3b).

To interrogate the contribution of avidity to the bivalent 
binding of FcαRI to the IgA Fc, we generated two heterodi-
meric IgA OAA variants using the steric 6 design that con-
tained either a one-sided (IgA OAA FcαRI-KO 1x) or two- 
sided FcαRI binding site knockout (IgA OAA FcαRI-KO 2x). 
Introducing the Fc mutation F443A to both IgA chains in IgA 
OAA FcαRI-KO 2x was found to abrogate binding to FcαRI 
(Table S4), consistent with the data reported previously.31 

However, when F443A was introduced into a single IgA Fc 
chain in FcαRI-KO 1x, a 1:1 Langmuir kinetic model yielded 
a good fit with a KD of 273 nM (Figure 4a, middle, Table S4), 
one order of magnitude lower affinity than the apparent KD 
from wild-type IgA OAA. This finding supports that the poor 
fit of the 1:1 Langmuir model to the data collected for the IgA 
wild-type and heterodimeric OAAs is due to the bivalent 
binding of FcαRI to the IgA Fc and demonstrates the gain in 
apparent affinity due to avidity. The previously reported bind-
ing of FcαRI to IgA found apparent KD values ranging from 
122 to 455 nM.21,25,30,32,33

We further investigated the effect that different immobi-
lized FcαRI ligand densities had on the measured apparent KD 
for the IgA OAA variants with SPR. Consistent with the 
model for bivalent IgA Fc binding to FcαRI, increasing the 
density of FcαRI resulted in higher apparent affinities for 
wild-type and heterodimeric IgA Fc variants containing two 
FcαRI binding sites due to avidity (Figure 4b, Table S4). 
Similar KD values were measured for the IgA OAA FcαRI- 
KO 1x across the varying FcαRI ligand densities as expected 
as the 1:1 binding would not be affected by receptor density 
on the SPR sensor chip surface (Figure 4b). These data further 
confirm that both FcαRI binding sites are functional in the 
IgA heterodimeric Fc steric designs containing mutations at 
the CH3 interface.
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Heterodimeric IgA Fc designs bind FcαRI expressed on 
neutrophils comparable to wild-type IgA Fc

To translate the in vitro SPR binding results to a more phy-
siologically relevant ex vivo setting, the binding of heterodi-
meric IgA Fc designs to commercially available, freshly 
thawed neutrophils was assessed by flow cytometry. 
Neutrophils were characterized post-freeze-thaw to confirm 
the expression of FcαRI and the absence of surface human 
epidermal growth factor receptor 2 (Her2) by flow cytometry, 
as the IgA variants are Her2 targeted (Figure S4a, b). 
Heterodimeric IgA Fc designs (steric 6, 10, and 11) were all 
found to bind neutrophils to similar levels, within 1.6-fold 
relative to wild-type IgA Fc, when incubated with neutrophils 
at 1 µM (Figure S4c). As it is known that neutrophil viability 
decreases quickly post-thaw, a short incubation on ice was 
used during which it is possible that equilibrium was not 
reached. Nevertheless, it allowed for the qualitative assess-
ment of the rank order of IgA variant binding. As expected, 
FcαRI-binding-deficient heterodimeric IgA OAA FcαRI-KO 
2x did not bind neutrophils and heterodimeric IgA OAA 
FcαRI-KO 1x bound to approximately 30% mean fluorescent 
intensity (MFI) relative to the parental steric 6 heterodimeric 
IgA Fc design (Figure S4c). Steric design 11 showed a similar 
binding profile to wild-type IgA. Steric designs 6 and 10 
bound neutrophils to higher MFI than wild-type IgA 
(Figure S4c). This was unexpected and will require further 
experimentation. Taken together, these on-cell binding mea-
surements of natively expressed FcαRI on human neutrophils 
support that the heterodimeric IgA Fc designs retain wild- 
type IgA-like ability to engage neutrophils.

Discussion

Successful design of a stable IgA Fc with high heterodimer 
specificity was achieved using a structure-guided rational 
design approach that we had previously used to engineer 
a heterodimeric IgG Fc.8 Combining in-depth structural and 
connectivity analysis and extensive engineering experience 
with rotamer-packing-based modeling and physics- and 
knowledge-based in silico metrics allowed the identification 
of a small number of lead designs in relatively few engineer-
ing steps, yielding a top design, with >95% pure heterodi-
meric IgA Fc following a single purification step. As high 
purity and thermal stability are key biophysical characteristics 
important for the developability and manufacturability of 
a biologic,34 obtaining a pure heterodimeric IgA Fc was 
prioritized in the engineering strategy. Minimizing the pro-
pensity of undesired homodimeric side products to form is 
favorable as they are potentially hard to separate, lower the 
yield, and increase production cost. Furthermore, as low 
thermal stability can be a liability for the developability of 
therapeutics,34 we showed that IgA Fc heterodimer-driving 
mutations introduced in the lead designs only marginally 
affect the thermal stability of the heterodimeric IgA Fc com-
pared to the wild-type IgA Fc. We also obtained the crystal 
structure of one of the lead designs and demonstrated that 
our modeling approach accurately predicted the immediate 
structural environment of mutations introduced. Our results 
confirmed that the heterodimeric IgA Fc structure is con-
served when compared to the wild-type IgA Fc and showed 
comparable binding to FcαRI by SPR and on-cell binding to 
human neutrophils, indicating that the functionality of the 

Figure 4. IgA heterodimeric Fc variants retain binding to the FcαRI. (a) Surface plasmon resonance sensorgrams for wild-type IgA OAA (WT) (top, apparent KD = 11 nM), 
IgA OAA FcαRI-KO 1x (middle, KD = 273 nM), and heterodimeric IgA Fc (steric 6) OAA (bottom, apparent KD = 23 nM) measured at FcαRI ligand density of 14 RU, fit using 
a 1:1 Langmuir model. (b) Dependence of apparent KD of binding of IgA OAA variants to FcαRI on ligand density of FcαRI immobilized on the SPR sensor chip. Data for 
a wild-type IgA OAA, steric heterodimeric designs 6, 10, 11 as well as a single sided FcαRI-binding-deficient IgA Fc based on heterodimeric design 6 (IgA OAA FcαRI-KO 
1x) is shown.
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molecules is not affected by the mutations in the designs. 
These heterodimeric IgA Fc designs allow for the assembly 
of multispecific IgA-based scaffolds that can facilitate the 
creation of the next generation of IgA-based therapeutics, 
a budding field in biological research.11

A clear application of the heterodimeric IgA Fc platform is 
the development of bispecific IgA therapeutics. Just as plat-
forms for heterodimeric IgG Fc scaffolds have enabled the 
development of bispecific and biparatopic IgG molecules, IgG- 
based T-cell engagers, and other IgG-based multispecific scaf-
folds, engineering of heterodimeric IgA Fc bolsters the thera-
peutic potential for IgA as well. For example, there is evidence 
that targeting immunomodulatory receptors found in innate 
myeloid immune cells (e.g., CD47) at the same time as target-
ing tumor-associated antigens (TAAs) in cancer cells can 
increase IgA-mediated neutrophil anti-tumor activity in vitro 
and in vivo.26 Combining immunomodulatory and TAA tar-
geting in a single, bispecific IgA antibody has the potential to 
increase the additional activity seen through geometry and 
avidity not accessible by the combination of two monospecific 
IgA antibodies (Figure 5).

One major hurdle to the translation of IgA-based therapeu-
tics to the clinic is its relatively short half-life of ~6 days 
compared to ~23 days for IgG.35,36 One of the mechanisms 
that equips IgG with its relatively long half-life is its ability to 
bind FcRn and get recycled to the cell surface from the endo-
somal pathway.37 IgA does not natively bind to FcRn and, 
therefore, chimeric engineering strategies have been employed 
to combine FcαRI binding native to IgA and FcRn binding 

native to IgG.36 One of the challenges is that if IgA and IgG Fc 
structures are overlayed, FcαRI and FcRn binding sites are 
located in the same region close to the CH2:CH3 interface 
and are therefore considered mutually exclusive structurally 
(Figure S3). Specifically, grafting of the FcαRI binding site from 
IgA to IgG results in the loss of FcRn binding30 and the same 
would likely be the case if the FcRn binding interface would be 
grafted from IgG to IgA. A heterodimeric Fc enables future 
engineering of both receptor-binding sites in a single Fc 
(Figure 5). For a hybrid molecule with one FcαRI and one 
FcRn binding site to be viable, both interactions need to be 
functional when each of the Fc receptors is engaged in 
a monovalent fashion. While it is known that monovalent 
engagement of FcRn conveys the ability of IgG to be recycled, 
thereby increasing half-life,38 there is still debate over the 
valency dependence of IgA Fc receptor engagement for FcαRI- 
mediated effector cell activity. It is hypothesized that the 2:1 
engagement of FcαRI by IgA Fc is responsible for potent 
activation of neutrophils by IgA compared to IgG, which 
binds FcyR on neutrophils at 1:1 stoichiometry.39 Further 
work is required to test whether 1:1 binding of IgA to FcαRI 
is sufficient to activate neutrophils productively. An IgA 
FcαRI-KO 1x accessible via the IgA heterodimeric Fc platform 
described here (Figure 5) will help answer this question.

Beyond greatly expanding the accessible formats and geo-
metries of a monomeric antibody as has been seen for IgG,40 

a heterodimeric IgA Fc also enables a new category of multi-
specific, multimeric monoclonal antibodies. One feature of IgA 
is that a higher valency is naturally accessible via J-chain-based 

Figure 5. Applications of a heterodimeric IgA Fc in the development of IgA multispecifics and interrogation of IgA biology. The heterodimeric IgA Fc designs described 
herein (center) can be used for a variety of applications. These include engineering of an asymmetric IgA Fc, for example to introduce a FcRn-binding motif to increase 
the half-life of IgA while preserving binding to FcαRI (top left). A heterodimeric IgA can also be used to create multispecific therapeutics with a variety of formats, 
ranging from OAAs, bispecifics and biparatopics to multispecific multimers (top right) which can be used to target the mucosa when bound to the secretory 
compartment (bottom left). Heterodimeric IgAs can furthermore be used as a tool to interrogate fundamental questions surrounding IgA biology such as the effect of 
FcαRI binding valency on the activation of effector cells such as neutrophils (bottom right).
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multimers.17,32 These multivalent formats can provide avidity 
effects that increase apparent affinity of low-affinity paratopes 
and increase clustering and specificity for target cells with high 
receptor density.17,41 Furthermore, the presence of the J-chain 
enables covalent interaction of dimeric IgA with pIgR for 
transcytosis of the mucosa, leaving multimeric IgA bound to 
the secretory component.42 This feature of IgA could be used to 
direct a multispecific, multimeric antibody to mucosal envir-
onments following intravenous administration.43 Combining 
this higher valency with a heterodimeric IgA Fc gives rise to 
geometries and valencies of formats that were previously inac-
cessible and an opportunity to deliver multispecific IgA to 
mucosal environments (Figure 5).

In contrast to IgG Fc, the IgA Fc is not readily crystallizable, 
and we were unable to produce diffraction quality crystals of an 
IgA Fc by itself. This is consistent with the fact that only two 
IgA Fc crystal structures are deposited in the PDB, both in 
complex with either human FcαRI (PDB ID 1OW0)44 or sta-
phylococcal SSL7 (PDB ID 2QEJ).45 A noteworthy observation 
is that the heterodimeric IgA Fc co-crystal structure reported 
herein (PDB ID 7TTZ) has disulfide bonds in the hinge region 
that are similar to those in 2QEJ but differ from 1OW0 (Figure 
S2). In addition, the analysis of the electron density obtained 
for the heterodimeric IgA Fc suggests that an additional inter-
chain hinge disulfide might be present at position C241. In the 
case of IgG2, for example, it has been shown that different 
disulfide connectivity between the hinge and the light chain 
(known as A/B forms) results in molecules with different 
biological properties.46 Although the biological effect of differ-
ent hinge disulfide connectivity in IgA crystal structures 
remains unclear, it is conceivable that interconversion of dif-
ferent IgA forms through different disulfide bond connectiv-
ities could result in different biological properties, although 
further investigation is required.

Using a rational and systematic approach to concurrently 
address purity and stability design requirements, we engi-
neered a heterodimeric IgA Fc that also retains native IgA Fc- 
like biophysical properties. This strategy prioritized retaining 
quality attributes like purity and stability that can positively 
affect the developability of the next generation of bispecifics 
and other complex therapeutic proteins. The success of these 
efforts underlines the impact of protein engineering on the 
development of a protein scaffold to be used subsequently as 
a platform for the design of multispecific IgA therapeutics.

Materials and methods

In silico modeling and design of IgA heterodimeric Fc

An extensive structural analysis of the IgA Fc CH3:CH3 inter-
face (PDB ID: 2QEJ) was performed to characterize residues at 
the interface according to their energetic contribution to 
dimerization.45 For this analysis, the ZymeCADTM suite of 
proprietary tools was used to determine the connectivity and 
energetics derived from knowledge-based and physics-based 
potentials. This was done on a static structure, as well as a 50 ns 
explicit molecular dynamics trajectory as described 
previously.47 Guided by results from this initial analysis and 
in a first “negative design” round, residues were selected for the 

introduction of mutations predicted to disrupt dimerization. 
These mutations were chosen based on two main design con-
cepts illustrated in Figure 1. Negative electrostatic designs 
relied on the introduction of same-charge pairs and the asso-
ciated repulsion across the interface, while negative steric 
designs were based on the introduction of cavities or steric 
clashes at the interface. These negative designs were modeled 
and evaluated energetically using proprietary in silico tools. In 
a second “positive design” step, additional mutations were 
introduced with the goal of rescuing heterodimerization. The 
stabilization of the heterodimeric complex was either based on 
the introduction of salt bridges via opposing charges across the 
interface or on the accommodation of residues with large side 
chains by cavities introduced on the opposite side of the inter-
face. Designs with the largest energetic differences between 
homodimers and heterodimers were selected to be expressed 
and evaluated (Table S1).

In vitro assessment of lead heterodimer mutations in IgA 
one-armed antibody format

To assess the ability of asymmetric mutations introduced into 
the IgA CH3 domains to drive heterodimeric pairing of an IgA 
Fc, an IgA OAA format was used (Figure 1c). The sequence of 
IgA Fc was based on the CH2 and CH3 domains of the IgA2m1 
allotype.16 In the OAA format, one-half antibody consisted of 
an IgG1-based Fab with anti-Her2 paratope48 that was fused in 
the heavy chain to an IgA2m1 Fc, referred to as chain 
A. A chimeric hinge comprising the upper IgG1 hinge 
(EPKSC) followed by an IgA2 hinge (RVPPPPP) was used to 
connect the IgG1 Fab to the IgA2m1 Fc. The other Fc- 
containing chain of the OAA consisted of an IgA2 hinge 
(RVPPPPP) fused to an IgA2m1 Fc, referred to as chain 
B. Mutations predicted to drive heterodimeric pairing listed 
in Table 1 were introduced in the CH3 domains of the Fc for 
the OAA constructs. In some constructs, the F443A mutation, 
which has been reported to abrogate binding to the FcαRI,31 

was introduced either on one chain (IgA OAA FcαRI-KO 1x) 
or on both chains (IgA OAA FcαRI-KO 2x). In all IgA con-
structs, mutations were made to both heavy chains to remove 
the cysteine responsible for disulfide bonding to pIgR in wild- 
type IgA (C311S) and to remove and stabilize a glycosylation 
site (N337T, I338L, and T339S).21 Furthermore, the 
C-terminus of the IgA Fc was truncated to residue G453 to 
remove the tailpiece.

Cloning, expression, and purification of samples

The genes encoding the antibody heavy and light chains were 
synthesized and subcloned into mammalian expression vector 
pTT5 containing a signal peptide (EFATMRPTWAWWLFLV 
LLLALWAPARG49). Mutations were introduced into the IgA 
CH3 by site-directed mutagenesis. A construct for the expres-
sion of human FcαRI (residues 22–227, GenBank: 
CAA38089.1) was created using the same mammalian expres-
sion vector pTT5 and signal peptide with a C-terminal His6 tag 
preceded by a TEV cleavage site. A construct for recombinant 
expression of Staphylococcus aureus protein SSL7 (residues 31– 
231, GenBank accession code WP_000769814) was generated 
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in a pET32a vector containing an N-terminal thioredoxin and 
His6 tag followed by a thrombin cleavage site.

Transient co-expression of one light chain and two hetero-
dimeric heavy chains A and B using three individual vectors 
was conducted in Expi293FTM cells (Thermo Fisher, Waltham, 
MA) for expression of the IgA OAA variants. Clarified culture 
supernatants were applied to a CaptureSelectTM IgA affinity 
matrix (ThermoFisher, Waltham, MA, USA) column equili-
brated with phosphate-buffered saline (PBS), pH 7.2 for pur-
ification. The column was washed with PBS, pH 7.2 and 
protein eluted with 0.1 M glycine, pH 2.5. The eluted samples 
were neutralized by adding 10% (v/v) 1 M Tris, pH 9 to yield 
a final pH of 6–7. Following CaptureSelectTM IgA affinity 
purification, samples were assessed for heterodimeric purity 
using CE-SDS (SDS LabChip® GXII, Perkin Elmer, Waltham, 
MA, USA) and analytical SEC (HPLC-SEC).

HPLC-SEC was performed on an Agilent Technologies 
1260 Infinity LC system using an Agilent Technologies 
AdvanceBio SEC 300A column at 25°C. 5 µL of sample at 
approximately 1 mg/ml was injected into the column at 
a flow rate of 1 mL/min using PBS, pH 7.4 as mobile phase. 
Chromatograms were extracted at 280 nm, and peak integra-
tion was performed using the OpenLAB CDS ChemStation 
software.

IgA samples were further purified by preparative SEC 
(prepSEC) to separate heterodimeric IgA Fc OAA species 
from homodimeric Fc species using a Superdex 200 Increase 
10/300 GL column (GE Life Sciences) equilibrated with PBS 
pH 7.4. The eluted fractions corresponding to heterodimeric 
IgA Fc OAA were pooled and analyzed by CE-SDS and HPLC- 
SEC to confirm purity.

Recombinant FcαRI-His was expressed in Expi293FTM cells 
and purified from clarified culture supernatant by Ni2+ affinity 
chromatography. Eluted protein was buffer exchanged into 
PBS pH 7.4 and analyzed by CE-SDS and analytical SEC to 
confirm purity.

Recombinant SSL7 was expressed in Escherichia coli BL21 
(DE3) cells as a thioredoxin fusion protein and purified by Ni2+ 

affinity chromatography. The eluted protein was cleaved using 
thrombin protease and purified again by Ni2+ affinity chroma-
tography to separate SSL7 from the thioredoxin-His6 tag. SSL7 
was further purified by prepSEC as described above using 
20 mM HEPES (pH 7.5), 150 mM NaCl as a mobile phase. 
The heterodimeric IgA Fc:SSL7 complex was prepared by mix-
ing heterodimeric IgA Fc (steric 6) and SSL7 at molar ratio of 
1:2.1 and then re-purified by prepSEC using 20 mM HEPES 
(pH 7.5), 150 mM NaCl as a mobile phase.

Crystallization, data collection, and structure 
determination of heterodimeric IgA Fc:SSL7 complex

Cocrystals of heterodimeric IgA Fc (steric 6) and SSL7 were 
generated by vapor diffusion against 30% (v/v) PEG MME 550, 
0.1 M HEPES (pH 7.5), and 0.2 M MgCl2. Crystals were briefly 
soaked in reservoir condition supplemented with ethylene 
glycol/glycerol mixture for cryoprotection and flash cooled in 
liquid nitrogen. Diffraction data were collected at the Stanford 
Synchrotron Radiation Light source and integrated and scaled 
using autoXDS to 2.35 Å resolution.50

The structure was determined by molecular replacement 
using PHASER in Phenix.51 The search model consisted of 
the previously reported IgA Fc:SSL7 structure (PDB ID 
2QEJ). We adopted the numbering of residues from that 
structure herein (see Table S5 for the different IgA number-
ing systems). The model was built in COOT52 and refine-
ments were performed to a resolution of 2.35 Å using 
phenix.refine.53 Structural validation was performed with 
Molprobity,54 including analysis of the Ramachandran 
plots, with greater than 96% of the residues in the most 
favored conformations and no non-Gly residues in the dis-
allowed regions. Five percent of reflections were set aside for 
calculation of Rfree. Data collection and crystallographic 
refinement statistics are presented in Table S3. Atomic coor-
dinates and structure factors were deposited in the PDB with 
ID 7TTZ.

Differential scanning calorimetry

Thermal stability of purified heterodimeric IgA Fc OAA 
variants was measured using DSC. Samples were diluted 
in PBS, pH 7.4 to 0.5–1 mg/ml for analysis using 
NanoDSC (TA Instruments, Newcastle, DE, USA). Each 
sample was injected and heated from 25°C to 95°C with 
a scan rate of 1°C/min under 60 psi nitrogen pressure. 
Thermograms were analyzed using the NanoAnalyze soft-
ware (TA Instruments). The matching PBS, pH 7.4 buffer 
thermogram was subtracted from the sample thermogram 
and the baseline fit using a sigmoidal curve. Data were 
deconvoluted using a two-state scaled DSC model to extract 
transition temperatures.

Surface plasmon resonance

Binding affinity of IgA variants to FcαRI was measured using 
a Biacore T200 instrument (Cytiva). Experiments were con-
ducted at a temperature of 25°C using HBS EP+ (10 mM 
HEPES (pH 7.4), 150 mM NaCl, 3 mM EDTA, and 0.05% v/v 
surfactant P20) as running buffer. IgA variant binding affinity 
was measured using different FcαRI-His ligand densities on 
a CM5 Series S sensor chip. The surface was prepared by first 
covalently immobilizing anti-histidine antibodies using stan-
dard amine coupling method according to manufacturer’s 
instruction (Cytiva). Using multi-cycle kinetics, FcαRI-His 
was then captured onto the anti-His surface to reach a range 
of ligand densities between 2.6 and 83 resonance units (RU). 
Eight concentrations of each IgA variant were prepared using 
a two-fold dilution series. The concentration range was 2.3– 
300 nM for wild-type and heterodimeric IgA OAA variants and 
7.8–1000 nM for IgA FcαRI-binding site knockout variants 
(FcαRI-KO 1x and FcαRI-KO 2x). Diluted IgA samples and 
double blank buffers were injected at a flow rate of 30 µl/min 
for 120 s. The dissociation time used was 500 s and 10 mM 
glycine-HCl (pH 1.5) was used to regenerate the surface 
between each cycle for 30 s at 30 µl/min. The binding kinetics 
and affinity were analyzed using the 1:1 Langmuir binding 
model in Biacore T200 Evaluation Software v3.0. Kinetic values 
are summarized in Table S4.
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On-cell binding of IgA variants to neutrophils measured by 
flow cytometry

Frozen vials of purified human peripheral blood neutrophils 
were purchased from STEMCELL Technologies Inc. (cata-
log # 200–0384) for measurement of IgA binding to native 
FcαRI. Surface expression of FcαRI and Her2 was deter-
mined by flow cytometry using mouse anti-human FcαRI 
(CD89) mAb conjugated to PE (catalog # MA5-28547, 
Invitrogen) and FITC conjugated mouse anti-human Her2 
antibody (catalog # 324404, BioLegend). Briefly, neutrophils 
were thawed and incubated with fluorophore-labeled mAb 
diluted in fluorescence-activated cell sorting (FACS) buffer 
(2% fetal bovine serum in PBS) containing 1:1000 
eBioscience fixable viability dye eFlour 450 (catalog # 65– 
0863-14, Invitrogen) for 30 min on ice. Following incuba-
tion, cells were washed twice and analyzed on a BD LSR 
FortessaTM X-20 Cell Analyzer.

To measure binding to neutrophils by wild-type and hetero-
dimeric IgA Fc variants, IgA variants were diluted in a 4 point, 
4-fold titration series starting from 2000 nM. Freshly thawed 
neutrophils were diluted to 1.5 million cells/mL and incubated 
with IgA variant at 1:1 (v/v) ratio for 30 minutes on ice. Cells 
were washed and then resuspended with RPE-labeled goat 
anti-human kappa light chain secondary antibody (cat 
#206009, Bio-Rad Laboratories Inc.) diluted in FACS buffer 
containing 1:1000 eBioscience fixable viability dye eFlour 450 
(catalog # 65–0863-14, Invitrogen). Samples were incubated 
with secondary antibody for 30 minutes on ice. Plates were 
then washed twice and analyzed on a BD LSR FortessaTM X-20 
Cell Analyzer.
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