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A B S T R A C T   

We present here a case study of an antibody-engineering platform that selects, modifies, and assembles antibody 
parts to construct novel antibodies. A salient feature of this platform includes the role of amino acid networks in 
optimizing framework regions (FRs) and complementarity determining regions (CDRs) to engineer new anti
bodies with desired structure-function relationships. The details of this approach are described in the context of 
its utility in engineering ZAb_FLEP, a potent anti-Zika virus antibody. ZAb_FLEP comprises of distinct parts, 
including heavy chain and light chain FRs and CDRs, with engineered features such as loop lengths and optimal 
epitope-paratope contacts. We demonstrate, with different test antibodies derived from different FR-CDR com
binations, that despite these test antibodies sharing high overall sequence similarity, they yield diverse functional 
readouts. Furthermore, we show that strategies relying on one dimensional sequence similarity-based analyses of 
antibodies miss important structural nuances of the FR-CDR relationship, which is effectively addressed by the 
amino acid networks approach of this platform.   

1. Introduction 

The discovery and engineering of antibodies as therapeutic agents 
has undergone a rapid evolution, fueled by the need to shorten the 
timeline for clinical development especially in the context of rapidly 
spreading infectious disease outbreaks such as COVID-19 (Lu et al., 
2020). In this regard, in silico or computational methods (Adolf-Bryfogle 
et al., 2018; Baran et al., 2017; Entzminger et al., 2017; Poosarla et al., 
2017) have complemented in vitro and in vivo antibody discovery 
methods (Hu et al., 2015; Scheid et al., 2009) to engineer antibodies 
with improved binding affinity and other desirable physiochemical 
properties. These in silico tools mostly use molecular docking to identify 
complementary antigen-antibody binding modes (if the structure of 
antigen-antibody complex is unknown) and physics-based energy 
functions to redesign the paratope (Baran et al., 2017; Pantazes and 
Maranas, 2010). 

Development of methods and tools for this antibody engineering 
platform started with solving a challenging problem of redesigning 
4E11, a broad-spectrum anti-Dengue virus (DENV) antibody that 
neutralized Dengue serotypes DENV-1, DENV-2 and DENV-3, to also 

neutralize DENV-4 (Tharakaraman et al., 2013). The challenge posed by 
this problem was two-fold: (1) the structure of 4E11 or its complex with 
the target epitope was not solved at the time and (2) the redesign effort 
required simultaneously solving for multiple epitope-paratope in
teractions to confer binding selectivity to DENV-4 while retaining its 
existing neutralization properties to DENVs − 1, − 2 and − 3. Several key 
metrics were developed to solve this problem by mining structural da
tabases of antibody-antigen complexes. These metrics included amino 
acid interface fitness (AIF) that computed pairwise propensity of amino 
acids at antigen-antibody interfaces and a standardized 
epitope-paratope interface index (ZEPII), which computed a score for a 
given interface calculated based on AIF. By employing a multivariate 
logic regression (MLR) method that was trained to discriminate native 
poses of antibody-antigen complexes from decoys, the pose of the 4E11 
antibody engaging with its target epitope was accurately predicted and 
later verified by X-ray crystallography (Cockburn et al., 2012). Using 
this predicted pose, mutations were engineered on 4E11 to enhance 
binding affinity of the engineered antibody, referred to as 4E5A, by more 
than 450-fold compared to 4E11 while retaining 4E11’s binding affinity 
to DENV-1, -2 and -3 serotypes (Tharakaraman et al., 2013). 
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These tools were expanded through the incorporation of network- 
based analysis using graph theory approaches (Soundararajan et al., 
2011). Both short-range and long-range interactions between 
non-bonded residues at the epitope-paratope interface were represented 
as two-dimensional maps (epitope paratope connectivity network or 
EPCN) and each residue was scored based on its connectivity to other 
residues in this interface. This network representation permitted 
detailed investigation of the impact of amino acid changes such as 
mutations, residue deletions and residue insertions in altering the 
associated networks. This approach was a significant departure from just 
viewing amino acid changes as conservative and non-conservative 
changes respectively, as even conservative substitutions substantially 
impacted the connectivity of the residues in the network. Using this 
network-based approach, the 4E5A antibody was further redesigned by 
introducing two mutations in the heavy chain CDR1 (HCDR1), which 
included a single residue deletion, that improved the EPCN, enhanced its 
affinity to all DENV serotypes, and made it clinically developable as a 
potent pan-DENV therapeutic (Robinson et al., 2015). The overall af
finity gain of the engineered antibody was greater than 13,000-fold for 
DENV-4 (Viswanathan et al., 2015), which ranks amongst the largest 
affinity enhancement reported by in silico antibody affinity enhancement 
studies (Adolf-Bryfogle et al., 2018; Clark et al., 2006; Farady et al., 

2009; Lippow et al., 2007; Marvin and Lowman, 2003). 
These tools, initially developed for redesigning antibodies, were used 

to develop a platform to engineer new antibodies. This antibody- 
engineering platform enables selection, modification, and assembly of 
parts (analogous to building blocks or Lego blocks assembly), which 
comprise of distinct heavy and light chain framework regions (FRs) and 
complementarity determining regions (CDRs). A key aspect of assem
bling and engineering the antibody parts involved mining available 
antibody sequence and structural information to optimally engage with 
the target epitope surface. The process is an iterative cycle of designing 
and generating antibodies engineered from different parts followed by 
experimental screening of these designs for desired properties. The 
metrics used in the selection and the modifications of parts (including 
feedback from the experimental screening) include AIF, ZEPII, EPCN 
and MLR methods. 

The Zika outbreak of 2015–2016 highlighted the urgent need for 
therapeutic options. The antibody-engineering platform was deployed 
to rapidly engineer a neutralizing antibody to target an epitope that was 
specific to the Zika Virus and posed minimum risk of escape mutations. 
The functional attributes of the resulting antibody, ZAb_FLEP, have been 
described in some detail previously in a Cell Host and Microbe paper 
(Tharakaraman et al., 2018) (that will be referred to as CHM paper). 

Fig. 1. Schematic illustration of the antibody engineering platform. (A) Epitope identification, (B) computational docking to identify antibody scaffolds with (shape) 
complementary binding modes, and (C) Iterative design of selected scaffolds by CDR redesign, feature sampling and redocking. 
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Using engineering of ZAb_FLEP as a case study, we describe herein, the 
salient features of this antibody-engineering platform. Importantly, we 
demonstrate with a set of test antibodies derived from different FR-CDR 
combinations, that despite sharing high overall sequence similarity, the 
test antibodies yielded diverse (and unexpected from a sequence 
similarity-based perspective) functional readouts. Therefore, the anti
body engineering platform captures key structural nuances of FR-CDR 
relationships. 

2. Results 

2.1. The predicted FLEP epitope on zika virus recognized by ZAb_FLEP is 
distinct from the EDEI epitope recognized by other antibodies 

The implementation of the antibody engineering platform starts with 
defining the target epitope surface (Fig. 1). In the case of engineering an 
anti-Zika virus (ZIKV) antibody, defining the epitope surface required 
generating a model of the E-protein capturing the entire quaternary 
assembly of Dengue and Zika viruses to understand the differences in the 
epitope surfaces targeted by different antibodies. The epitope selection 
is driven by a heuristic process that incorporates our understanding of 
antibody structure-functional relationships to capture a neutralizing 
epitope region (based on overlap with the fusion loop region) that is -(1) 
networked and (2) accessible. This, in the context of the 3D assembly, is 
important to permit favorable antibody binding (such as inter-chain 
locking) required for potent neutralization, and to avoid the risk of 
antibody dependent enhancement (ADE). The target epitope that was 
identified, which we have termed epitope surface proximal to the fusion 
loop (‘FLEP’), contained the largest quantity of highly networked resi
dues and had the largest median solvent-accessible surface area of all 
known ZIKV antibodies (Table 1). The average network score of residues 
in the FLEP epitope was more than 25% higher when compared to the 
average network score of the residues in the E-dimer epitope 1 (EDEI) 
epitope targeted by other antibodies such as the C8 antibody (Barba-S
paeth et al., 2016) (Table 1). Therefore, the residues in this epitope 
collectively are less likely to mutate when compared to residues in the 
EDEI epitope. While thirteen out of the twenty-one (62%) predicted 
FLEP epitope residues overlap with the C8 epitope (Barba-Spaeth et al., 
2016) (Table 1), the remaining 8 residues are unique to FLEP, half of 
which (329, 369, 370, 371) are located in the DIII domain. In the context 
of a 3D structure, when compared to the EDEI epitope, the defined FLEP 
epitope involves more residues from the DIII domain of the non-fusion 
loop bearing E-chain. 

Therefore, the FLEP epitope surface targeted by ZAb_FLEP is 
different from the EDEI epitope targeted by antibodies such as C8 and 
C10 on the E-protein assembly of ZIKV. This was recently validated by 
the 4.1 A◦ cryo-electron microscopy structure of the complex between 
the Zika virion and Fab ZAb_FLEP (Tyagi et al., 2020). By comparing the 
structure with previously published co-crystal structure of Fab C8 – E 
dimer (ZIKV) complex (Barba-Spaeth et al., 2016), the authors deter
mined that Fab C8 binds a larger epitope surface area than ZAb_FLEP. 
Further, they identified residues that are unique to the ZAb_FLEP 
epitope, notably in the DIII domain of an E protein (e.g. N371). These 
findings are consistent with the predictions of the computational model 
that identified the FLEP epitope and demonstrate that the FLEP and EDEI 
epitopes are distinct. 

2.2. Engineering ZAb_FLEP antibody 

Having identified the FLEP epitope surface on the quaternary E- 
protein assembly of ZIKV, the next step involved engineering an anti
body that could target this surface with the eventual goal of developing 
this antibody into a therapeutic agent against ZIKV in a clinical setting. 
Therefore, the key target attributes for engineering were high neutrali
zation potency via binding to the FLEP of different ZIKV strains, and 
favorable developability metrics - good protein expression, solubility, 

minimal T-cell epitopes, and reduced potential for off-target binding. 
The engineering of ZAb_FLEP (described in detail in the Methods sec
tion) started with scaffold selection. This process resulted in a starting 
scaffold with the best shape complementarity to the FLEP epitope, which 
comprised of an unnatural combination of a heavy chain (VH) of anti
body AL-57 targeting human integrin LFA-1 (obtained from PDB: 3HI5 
chain H) (Zhang et al., 2009) and a light chain (VL) of anti-CMV anti
body (obtained from PDB: 3EYF chain A) (Thomson et al., 2008) (Sup
plementary Table 1). Owing to the unnatural combination of the heavy 
and light chains in the scaffold, additional mutations including W35H, 
Y50A in VH and E1D, L4M, T10S and H38Q in VL were engineered to 
stabilize the VH/VL interface. 

Due to its best shape complementarity with the FLEP epitope, this 
starting scaffold already possessed some CDR features (such as loop 
length and composition) that were optimal for binding to the epitope as 
evaluated by the AIF score and network properties. The next step of 
paratope engineering began with the CDRs in the starting scaffold and 

Table 1 
Epitope composition and their properties across the 2-fold 
interface. Residues common to ZAb_FLEP and C8 epitopes 
are colored in green whereas residues unique to ZAb_FLEP 
and C8 epitopes are colored in cyan and orange, respectively. 
The normalized network score and solvent accessible surface 
area (SASA) were computed from the E-chain proximal to the 
2-fold interface in the asymmetric unit. The normalized 
network scores for ZAb_FLEP and C8 epitopes are 0.196 & 
0.143, respectively, whereas the observed SASA are 56.943 
Sq. A (ZAb_FLEP) and 48.278 Sq. A (C8), respectively. 
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going through the selection of paratope features from other antibody 
templates that are known to engage homologous epitope surfaces of 
related or unrelated antigens (Supplementary Table 2). The comple
mentary determining paratope features from multiple antibody tem
plates including 4G2, C8, C10, A11 (anti-DENV), PGT124 (anti-HIV) and 
Fab-8-1 (anti-TDRD3) were screened in silico for complementarity with 
the FLEP epitope, from which C8, C10, A11 emerged on top owing to the 
significant structural homology in the fusion loop region between DENV 
and ZIKV (as described in Methods section). The assembly of parts was 
guided by a starting model of antigen-antibody interaction and the AIF 
metric of each CDR (from scaffold or templates) with the target FLEP 
epitope. As an example, Supplementary Table 2 shows that the HCDR-1 
from the unnatural starting scaffold and HCDR-3 from C8 had the best 
AIF scores for optimal engagement with the FLEP epitope in the starting 
model. 

The paratope engineering process involved assembly and modifica
tions of both FRs and CDRs to enable binding to the FLEP epitope on 
ZIKV. The FRs are important for (1) the positioning of the antibody 
against the target epitope and (2) configuring the CDRs to achieve 
desired binding affinity to the FLEP epitope. Five designs that met the 
criteria for paratope engineering (based on AIF scores and network 
properties), were tested experimentally for expression, yield, binding 
affinity, and neutralization (Supplementary Table 3). Two of the 
designed constructs showed poor expression, while one of them showed 
poor binding to ZIKV and DENV. For one of the constructs, the optimi
zation of the paratope resulted in a rare amino acid substitution that 
negatively impacted developability. The only construct that cleared all 
the key protein filters including expression, binding affinity, neutrali
zation potency and developability was subsequently referred to as 
ZAb_FLEP. 

ZAb_FLEP engineering therefore started from the aforementioned 
unnatural starting scaffold combination, with starting scaffold FR as 
well as selected CDR features coming from C8 (HCDR2, HCDR3, LCDR1, 
LCDR3), an antibody that was isolated from plasma blasts of patients 
infected with Dengue virus (DENV) (Dejnirattisai et al., 2015) (Fig. 2). 

2.3. Key features of the antibody engineering platform 

The key features of the platform can be elaborated by comparing the 
distinct attributes of ZAb_FLEP with those of the C8 template from which 
select CDR features were derived for the engineering of ZAb_FLEP. A 

detailed comparison at the sequence level of FR and CDR regions of 
ZAb_FLEP, C8 and the starting heavy and light chain scaffold of ZAb_
FLEP is shown in Fig. 2. It is evident from this comparison that the FR of 
ZAb_FLEP is like that of the unnatural starting scaffold and was not 
obtained by making random mutations in the FR of C8. Several FR 
mutations were engineered in ZAb_FLEP to improve the network of VH/ 
VL or FR-CDR or EPCN to improve target binding (see Methods). For 
example, introducing amino acid changes to Ser or Tyr in the CDRs 
(Fig. 2) were design choices made based on the abundance of these 
residues in naturally occurring antibodies’ CDR loops, as well as their 
enhanced ability to mediate antigen recognition (Birtalan et al., 2008). 

The key differences in the FRs and CDRs between ZAb_FLEP and C8 
are also reflected in the functional differences between these antibodies 
in their neutralization profile of DENVs and ZIKVs. ZAb_FLEP binds and 
neutralizes ZIKV from all three lineages tested (Tharakaraman et al., 
2018). The neutralization of DENV serotypes by ZAb_FLEP is poor when 
compared to their potent neutralization by the C8 antibody (Table 1 in 
CHM paper (Tharakaraman et al., 2018)). 

To further demonstrate the importance of the relationship between 
FRs and CDRs in the assembly and engineering of the relevant parts to 
generate ZAb_FLEP, a set of control and test designs were generated. The 
first test antibody (Test A) was obtained by assembling CDR loops of C8 
(defined using Kabat notation) and a randomly chosen FR (from Her
ceptin antibody). The second test antibody (Test B) was generated by 
assembling the CDR loops of ZAb_FLEP on the FR of C8. The third test 
antibody (Test C) was generated by assembling the CDR loops of C8 on 
the FR of the starting scaffolds (3HI5, 3EYF) of ZAb_FLEP, which did not 
have the optimized network of interactions at the VH/VL interface in the 
framework or framework-CDR interface to support CDR loops. 

The test antibodies along with the control antibodies (ZAb_FLEP and 
C8) were analyzed for their neutralization potency against representa
tive strains of DENV3 serotype and ZIKV (Table 2). Consistent with 
earlier publications, C8 showed potent neutralization of both DENV and 
ZIKV while the neutralization profile of ZAb_FLEP against ZIKV and 
DENV was substantially different. Despite possessing all the six C8 CDR 
loops, Test A did not possess activity against DENV or ZIKV, indicating 
that possessing 100% identical CDR loops does not guarantee functional 
activity. On the other hand, Test B that possessed CDRs of ZAb_FLEP 
showed a neutralization profile for DENV and ZIKV that was like the C8 
antibody indicating that the epitope-binding properties of ZAb_FLEP is 
in turn governed by factors that go beyond the CDRs and require the 

Fig. 2. Starting scaffold for ZAb_FLEP and 
FR identity to C8. Shown above is an align
ment between the VH (A) and VL (B) of the 
starting scaffolds, ZAb_FLEP, and C8. FR re
gions (FR1-4) are indicated by dotted boxes. 
The FR residues of the VH and VL of the 
starting scaffolds and ZAb_FLEP are colored 
in blue and green, respectively. The VH and 
VL FR residues of C8 are colored in orange. 
CDR residues (defined based on Kabat defi
nition) are uncolored. Amino acids in FRs of 
starting scaffolds and C8 that are different in 
ZAb_FLEP are highlighted by grey back
ground. Mutations made to FR to optimize 
VH:VL interface and associated networks are 
boxed in purple, whereas mutations made to 
FR to optimize the FR-CDR contacts and 
associated networks are in red. FR residues 
that make contact with the FLEP surface of 
ZIKV are marked with an asterisk above the 
column. Note that the FRs of ZAb_FLEP are 
more homologous to that of the starting 
scaffolds than C8.   
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optimized FR regions of the starting scaffold. Despite having all the C8 
CDR loops, Test C showed poor to no neutralizing activity against both 
DENV and ZIKV, indicating the importance of additional FR mutations 
that were introduced into the starting scaffold while assembling the 
appropriate parts for ZAb_FLEP. An alignment of the test antibody VH 
and VL sequences is shown in Fig. 3. 

The structure-function relationships of the three test antibodies also 
emphasize the fact that amino acid substitutions in the framework or 
VH/VL interface or epitope paratope interface substantially impact the 
inter-residue interaction network (Fig. 4), and hence impact the func
tional attributes of the antibody. Also, comparison of the sequences of 
the various test and control antibodies reveals a high sequence homol
ogy (Table 3) of the VH and VL regions despite being functionally 
distinct. In fact, Test C shares greater sequence identity with C8 (93% in 
VH and 94% in VL) than ZAb_FLEP (89% in VH and 91% in VL). The 
functional behavior of Test C therefore indicates that ‘sequence ho
mology’ in the antibody context does not fully explain the observed 
structure-function relationships. As such, generation of ZAb_FLEP-like 
antibody via random mutations on C8 based on the sequence homol
ogy would be an inefficient, tedious, and extremely unpredictable pro
cess. The test antibodies clearly demonstrate the significance of the 
mutations introduced to optimize key network properties of the FR of 
the starting scaffold and CDRs. 

Analysis of developability characteristics indicated that ZAb_FLEP 
had fewer predicted immunogenic T-cell epitopes compared to C8, 
owing to differences in the FR regions (Table 4). ZAb_FLEP also has a 
lower charge asymmetry than C8 (− 3 for ZAb_FLEP vs. − 6.3 for C8), a 
property inherited from the starting scaffold (3HI5:H/3EYF:A). Asym
metry in the net heavy- and light-chain surface charges is correlated 

with self-association and viscosity at high concentrations (Sharma et al., 
2014). 

3. Discussion 

The antibody engineering platform described in this case study is 
distinct from other antibody design and engineering approaches, which 
fall into two categories (1) redesign of existing antibody (e.g., affinity 
maturation): and (2) ab initio design. Redesign of an antibody starts 
with the co-crystal structure or homology model of antigen-antibody 
interaction and tweaks the paratope residues for optimal contacts, 
without altering the framework residues. Several single mutations (tens 
to hundreds) are first screened to determine changes in binding affinity/ 
specificity. Subsequently, the promising single mutations are combined 
in various permutations to determine mutants that lead to the largest 
impact on affinity/specificity (Clark et al., 2006; Farady et al., 2009; 
Marvin and Lowman, 2003; Tharakaraman et al., 2013). On the other 
hand, the ab initio design efforts are aimed at computationally and 
experimentally screening dozens of VH/VL designs including de novo 
sampling of CDRs to bind to a target antigen or a defined epitope surface 
(Adolf-Bryfogle et al., 2018; Baran et al., 2017; Entzminger et al., 2017; 
Lapidoth et al., 2015; Li et al., 2014). Contrasting with these two ap
proaches, our antibody engineering platform substantially reduces the 
size of the search and design space. This is achieved by combining 
pre-defined complementary binding fragments (CDR and/or frame
work) from antibody structures that target similar epitopes onto corre
sponding segments of the chosen antibody scaffolds. Subsequently 
specific mutations in framework and/or CDR are engineered to enhance 
contact network both within the VH/VL domain and at the 

Table 2 
In vitro neutralization characteristics of test and control mAbs.   

MAb VH VL DENVa (EC50) ZIKV (PRNT50) 

FR CDR FR CDR SG 2016/1 PF13 

Test mAbs Test A Herceptin Ig C8 Herceptin Ig C8 >20 >20 >20 
Test B C8 Zab_FLEP C8 Zab_FLEP 0.17 0.01 0.032 
Test C 3HI5 C8 3EYF C8 >20 >20 >20 

Control mAbs C8 C8 C8 C8 C8 0.24 0.01 0.028 
ZAb_FLEP ZAb_FLEP ZAb_FLEP ZAb_FLEP ZAb_FLEP 8.08 3.01 0.798  

a From the CHM paper, it is observed that ZAb_FLEP showed poorest neutralization of DENV serotypes 3 and 4 consistent with its specificity towards ZIKV, on the 
other hand, C8 showed potent neutralization against all four DENV serotypes. Therefore, to illustrate the impact of the parts assembly on the neutralization of the Test 
antibodies relative to the control antibodies, DENV serotype 3 was chosen as a representative DENV virus for neutralization. 

Fig. 3. Alignment of VH and VL sequences of test mAbs. CDR regions defined according to Kabat definition are highlighted in grey boxes. Amino acids different from 
the VH and VL of C8 are marked in red. 
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epitope-paratope interface. The success of our platform relies on the 
availability of known sequence and structure information of 
antibody-antigen complexes which provide starting templates for the 
search, assembly, and engineering of the antibody parts to generate an 
antibody with the desired distinct functional properties. The data shown 
here on the test and control antibodies also illustrate one of the key 

features of the antibody-engineering platform, optimization of network 
properties to stabilize FR and CDR parts from other antibodies to 
assemble and engineer ZAb_FLEP. 

The functional consequences of sequence changes at the protein- 
protein interfaces (or even outside the interface viz., long-range inter
action) are well known (Clark et al., 2006; Marvin and Lowman, 2003; 
Robinson et al., 2015). In the context of the test antibody designs, even a 
conservative substitution within a CDR loop (VH-Ser52Thr) can lead to 
drastic changes in the interatomic interactions with the adjacent resi
dues, with potential to impact epitope-paratope contacts (Fig. 4C). The 
network approach employed in our antibody-engineering platform is 
able to capture the impact of amino acid substitutions in the FR and 
CDRs on antigen binding in the context of its structural environment that 
goes beyond the traditional view that conservative substitutions are less 
likely to impact function than non-conservative substitutions. 

The importance of the framework in optimizing stability and anti
body affinity leading to affinity maturation process through indirect 
ways has been described by many studies (Fukunaga et al., 2018; 
Ovchinnikov et al., 2018; Zhou et al., 2020). Warszawski et al. showed 
the affinity of an anti-lysozyme could be improved by ten-fold without 
modifying the CDR loops by simply introducing changes in the interface 

Fig. 4. Illustration of function-altering polar 
interatomic networks that are absent in the 
test designs. A. polar interatomic networks 
formed by the FR residue VH-Arg 72 to 
support the conformation of H-CDR1 (VH- 
Phe 29, VH-Tyr32) and H-CDR2 (Thr52, Gly 
53) of C8 (left) are absent in Test A (right) 
due to the Arg72Ala mutation. B. the po
tential specificity governing VH-S85K mu
tation in ZAb_FLEP (left) that causes steric 
clashes with N67 glycan is absent in Test B 
(right). C. interatomic networks formed by 
the FR residues VL-Arg 66, VL-Ser 10 to 
support the conformations of LCDR1 (VL-Ser 
28) and LCDR3 (VL-Glu 106) of ZAb_FLEP 
(left) are absent in Test C (right) due to 
Arg66Gly and Ser10Thr mutations. Changes 
to the interatomic network brought about by 
the conservative CDR substitution VH- 
Ser52Thr are also depicted. The VH-Ser 52 
network in ZAb_FLEP includes residues VH- 
Gly 55, Asp56 and Ser57 whereas the coun
terpart network in test mAb C includes just 
Asp56 and Ser57. The 2D network diagram 
is shown adjacent to the residue positions 
contributing to that network in each figure. 
The circular nodes represent amino acid 
positions and edges connectivity to other 
nodes.   

Table 3 
Sequence identity of the VH and VL components of designed mAbs to C8. Values inside the brackets represent sequence similarity, which takes into consideration 
conservative substitutions.   

VH HCDR1 HCDR2 HCDR3 VL LCDR1 LCDR2 LCDR3 

ZAb_FLEP 89.34 (95.08) 100 (100) 88.2 (100) 92.3 (100) 90.65 (98.13) 90.9 (100) 85.71 (100) 90 (100) 
Test A 87.7 (90.98) 100 (100) 100 (100) 100 (100) 84.11 (92.52) 100 (100) 100 (100) 100 (100) 
Test B 97.54 (100) 100 (100) 88.2 (100) 92.3 (100) 97.2 (100) 90.9 (100) 85.71 (100) 90 (100) 
Test C 92.62 (95.08) 100 (100) 100 (100) 100 (100) 94.39 (98.13) 100 (100) 100 (100) 100 (100)  

Table 4 
In silico immunogenicity assessment of mAbs: putative T-cell epitopes pre
dicted by NetMHCIIpan server (Andreatta et al., 2015). ZAb_FLEP has more 
favorable profile in terms of T-cell epitopes from a developability standpoint. 
C8 VL has additional T-Cell epitopes (residues 73–82 and 75–84) that are not 
present in ZAb_FLEP VL. A peptide is ranked as a strong binder if its predicted 
affinity is among the top 1% scores of some 200,000 random natural peptides 
of the same length for the specified allele.  

Chain Predicted T-cell Epitope Peptide Cores 

ZAb_FLEP VH None 
ZAb_FLEP VL 47–56 
C8 VH None 
C8 VL [47–56], [73–82], [75–84]  
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between the heavy and light chains alone (Warszawski et al., 2019). 
Additionally, the solvent-exposed ‘DE’ loop of the variable domain 
fragment considered to be part of the framework is known to affect the 
conformations of CDR1 and CDR2, and hence the antibody activity 
(Chothia and Lesk, 1987; Foote and Winter 1992; Lehmann et al., 2015; 
Tramontano et al., 1990). 

Typical computational approaches go through an extensive 
screening, often evaluating several hundred designs (Baran et al., 2017). 
Notably, this view of antibody development has guided the mis
conceptions expressed in a recent article (Vasquez et al., 2019), about 
origins of ZAb_FLEP – suggesting that it was derived from antibody C8 
through non-conservative amino acid substitutions. On the contrary, our 
antibody engineering platform comprises of a selective process that 
combines parts of antibodies such as FRs from selected scaffolds and 
CDRs from other antibodies that recognize parts of the target epitope 
surface, which are then further engineered to optimize various contact 
network properties. The methods employed for the paratope engineer
ing of ZAb_FLEP, namely “antibody interface fitness” (AIF) and “multi
variate logistic regression” (MLR) (Tharakaraman et al., 2013), were 
refined through a detailed analysis of antigen-antibody co-crystals from 
the Protein Data Bank (PDB). Furthermore, given that amino acid 
network is one of the important properties that is being optimized, if a 
combination of the engineered scaffold and CDRs with optimal network 
passes the scoring metrices, it is directly taken for experimental testing 
for the desired functional properties. Therefore, convergence to a 
desired solution can occur rapidly, leveraging a highly variable design 
space based on the specific interaction network of antigen-antibody 
systems under consideration. 

The initial shape complementarity from the starting antibody- 
antigen structural model and the selection of appropriate template 
antibody structures governs the choice of the appropriate antibody CDR 
fragments based on their AIF scores with the epitope surface (Supple
mentary Table 2). Therefore, if the starting model of the docked 
antibody-epitope complex was different, or if C8 was not a part of the 
structural (template) database, then the selection of HCDR-3 would have 
been derived from other antibody templates, which may or may not 
have the best AIF score with the FLEP epitope. This then would have 
required additional CDR/FW mutations for optimization of the AIF and 
additional experimental iterations to converge on a solution that is 
different from ZAb_FLEP. Furthermore, the platform’s utility is towards 
targeting epitope surfaces that are homologous to those found in one or 
more natural antigen-antibody interfaces (to enable template selection), 
as was the case for ZAb_FLEP. This allowed for the generation of an 
antibody-based solution in a rapid timeframe to address the ZIKV public 
health crisis in Singapore in 2016 (Businessinsider, 2018). 

Using known information on antibody-antigen complexes and 
searching a space of antibody sequences that was available at that time 
enabled engineering of ZAb_FLEP. Since the time ZAb_FLEP was engi
neered, the sequence and structural information pertaining to antibodies 
and antibody-antigen interactions in public repositories have dramati
cally increased owing to human B-cell panning studies and next gener
ation sequencing methodologies. Therefore, the antibody-engineering 
platform can now be substantially expanded by mining features related 
to fourteen discrete building blocks (8 FR fragments and 6 CDR loops) 
from these vast sequence and structural antibody databases. In fact, such 
approaches are being pursued by others and us (Liu et al., 2019) to 
engineer antibodies with distinct properties to target specific epitope 
surfaces. Indeed, using this platform we rapidly developed a mAb 
against Yellow Fever in 7 months towards filing an Investigational New 
Drug (IND) application and subsequently successfully completed both a 
Phase 1a and 1b clinical studies (Low et al., 2020). In addition, we were 
able to employ this platform to develop a mAb against SARS-CoV-2, file 
an IND, and successfully complete a Phase 1a clinical study within 6 
months with support from the whole Government of Singapore (Business 
Wire, Dec 2020). Given the strong potential for clinical impact by these 
therapeutics, it is our view that such efforts should be received with an 

open mind by the antibody engineering community, alongside other 
approaches that creatively sample the antibody design space, especially 
in the context of the rapidly expanding knowledge of the sequence and 
structural space of human antibodies and their antigens. 

4. Methods 

4.1. Engineering ZAb_FLEP 

The antibody-engineering platform (see http://sasilab.mit.edu/3d 
mabdesign-platform/for a simple animation) comprises of two compo
nents: (1) scaffold selection and (2) paratope engineering. The scaffold 
selection starts from identifying appropriate antibody templates from 
more than 450 antigen-antibody co-crystal structures in the protein 
databank (www.rcsb.org). The selection criteria include CDRs that 
engage with the epitope surface defined based on sequence homology to 
FLEP epitope surface and RMSD threshold from structural superposition 
of lower than 1.5 Å. The FLEP epitope is a highly discontinuous/qua
ternary epitope. To simplify the search process, we considered the 
epitope region to be a fragment of the E-DII domain (residues A63-S122, 
PDB: 5IRE numbering followed). Superimposing the published DENV 
antibody complexes (C8 - 4UTA, C10 - 4UT9, A11 - 4UTB) onto the ZIKV 
E-DII fragment established C8, C10, A11 as promising templates based 
on structural homology (RMSD) between the E-DII fragments. Although 
4G2 does not have a crystal structure, it is known to target the fusion 
loop peptide of DENV serotypes 1-4, which qualified the antibody as a 
potential template. The anti-HIV antibody PGT124 targets a glycopep
tide epitope on gp120 (PDB: 4R26). The potential for it to recognize a 
region harboring the conserved N-glycosylation (N154) located near the 
fusion peptide of E-protein was evaluated by structural modeling. Using 
PyMOL, we superimposed PGT124-HIV oligosaccharide from PDB: 
4R2G manually on the E dimer of ZIKV keeping the GlcNAc subunit as 
the point of alignment. This revealed that PGT124 can recognize the 
epitope through the oligosaccharide unit without steric issues albeit the 
orientation of the Fab will prevent it from engaging with the peptide 
backbone. 

To further broaden the search for templates, we employed PDBePISA 
(https://www.ebi.ac.uk/pdbe/pisa/) to identify other candidates. 
PDBePISA returns structurally similar interfaces given an input protein- 
protein complex and user-defined similarity thresholds for the chains 
involved in the interface. Because of the overlap between EDE1/EDE2 
and FLEP epitopes and since our epitope analyses with Dengue anti
bodies indicated that inter-chain locking potential, network scores and 
epitope accessibility correlated most with the PRNT50 values, we 
employed EDE mAb complex (such as C8, C10, A11 or B7) wherein the E 
protein was truncated to only include the fragment (residues A63-S122) 
as input to PDBePISA. We employed similarity thresholds: VH: 40%, DII: 
50% to determine structurally homologous interfaces. Note that the 
relatively higher epitope similarity threshold is meant to capture ho
mologous chains in PDB. After removing redundant entries and entries 
not containing a Fab or Fv subunit, the resulting list potential antibody 
templates including anti-Gonadotropin alpha subunit (1QFW), anti- 
TDRD3 FAB (3PNW), anti-HIV (3LH2), which were highlighted as 
representative antibodies in Fig. 1B of the original CHM paper. We note 
that the results are not overly sensitive to the input parameters – as a 
matter of fact, similar results can be obtained by switching the Fab, 
fragment type (DENV or ZIKV), fragment length (e.g. employing a 
smaller fragment ALA63-LYS122 does not exclude the aforementioned 
templates but affected their ranking within the top 200 hits) and Fab-DII 
orientation (as long as the Fab (i) does not cause steric clashes with any 
E-chain when placed in the context of virion assembly and (ii) engages a 
portion of the FLEP epitope residues embedded in the DII fragment, i.e., 
67ASP, 73ARG, 76THR, 83ASP, 97VAL, 98ASP, 99ARG, 101TRP). 

These template antibodies were used to expand the search space to 
include naturally occurring antibody sequences of 8718 human VH, 
8513 human VK and 6779 human VL sequences from the NCBI GenBank 
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database. Considering only those that had similar canonical CDRs (as 
those of the chosen templates) narrowed the antibody search space. The 
set of canonical CDRs used in the search process include (1) L1:2/11 A, 
L2:1/7 A, L3:1/9 A, H1:1/10 A, H2:2/10 A), (2) (L1:2/11 A, L2:1/7 A, 
L3: N/A, H1:1/10 A, H2:1/9 A), and (3) (L1:2/11 A, L2:1/7 A, L3:5/11 
A, H1:3/12 A, H2:2/10 A). Additionally, the antibodies that matched 
one of these classes needed to also meet an initial set of developability 
criteria such as abundance of predicted T-cell epitopes. Binding sites of 
MHC II alleles were predicted using NetMHCIIpan server whereby a 
peptide is ranked as a strong binder if its predicted affinity is among the 
top 1% scores of some 200,000 random natural peptides of the same 
length for the specified allele. From the set of scaffolds that met these 
criteria, homology based structural models of the VH and VL (for those 
scaffolds which do not have an X-ray crystal structure) were constructed. 
From these, representative antibody scaffolds (with natural and unnat
ural pairing) are employed for computational docking. The structures or 
structural models of the selected scaffolds are then docked using ZDOCK 
software (http://zdock.umassmed.edu/) using default docking param
eters including the appropriate force fields and using additional con
straints from epitope-paratope engagement. As stated in the CHM paper, 
E-protein residues that have accessible surface area >20% and network 
score >0.25 were selected as constraints. On the paratope front, residue 
positions that are accessible and more likely to participate in the 
antigen-antibody interface (e.g. Tyr, Trp) were chosen. HCDR3, LCDR1, 
LCDR3 frequently contribute to the antigen-antibody interface and 
H_99, L_32, L_94 are solvent exposed in most antibody structures. The 
docked poses are ranked based on shape complementarity and knowl
edge of known poses of antibody engagement with regions on the FLEP 
gathered from analysis of overlapping epitope regions from other known 
antibody-antigen complexes. An antibody scaffold containing the vari
able heavy chain of AL-57 antibody targeting human integrin LFA-1 and 
the light chain of an anti-CMV antibody (both of which had solved X-ray 
crystal structures) satisfied the shape complementarity (Sc > 0.60–0.65) 
and hence was taken forward. We note that we did not carry out 
exhaustive docking analyses of all the theoretically possible Fvs that 
could be built from the available VH X VL combinations. Indeed, such a 
search could potential yield other promising starting scaffolds but 
optimizing developability and shape complementarity were not the goal 
of the process, although that could be done, in practice, by executing 
multiple docking runs simultaneously using parallel computing to 
generate a library of designs. The top ranked scaffold is selected for the 
second component of paratope engineering (see Supplementary Figure 1 
for an overview of the scaffold selection process and Supplementary 
Table 1 for a representative set of scaffolds and their properties). 

From the initial model of the antigen-antibody interaction, the 
contributions of the CDR residues in the starting scaffold’s binding to the 
FLEP epitope were evaluated in silico using AIF one at a time, beginning 
with the residue that is most buried and proceeding all the way to the 
residue that is least buried (Tharakaraman et al., 2018). Some of the 
CDR features including loop length and AIF scores of the starting scaf
fold were already optimal to engage with the FLEP epitope (e.g. HCDR1, 
LCDR2) whereas in the case of HCDR3, these features had to be opti
mized by sampling other antibody templates (Supplementary Table 2). 
The selection of the CDR features (loop length and modifications to 
optimize AIF scores) from other template antibodies showed that some 
of the residues in the CDR segments from other antibodies provided 
optimal contact with the FLEP epitope, not all the segments in their 
entirety are optimal in the context of epitope-paratope interactions. To 
further optimize the CDRs, multiple CDR loop features were simulta
neously selected (including loop lengths and amino acid substitutions) 
for optimal epitope-paratope interactions, which was evaluated using a 
combination of AIF scores, binding energy, EPCN and visual inspection. 
The initial antigen-antibody binding mode selected based on shape 
complementarity undergoes changes during iterative cycles of redock
ing with the modified paratope (Fig. 1) and the mutations (or CDR loop 
features) designed in any given cycle are carried to the next as long as 

they are not detrimental to the epitope-paratope interface. The paratope 
engineering process resulted in 5 designs of different CDR features 
selected on the starting scaffold (Supplementary Table 3). These designs 
were taken forward for experimental screening to evaluate expression, 
solubility, binding affinity, and neutralization potency. 

4.2. Design of test antibodies 

The test antibody designs were generated by grafting the Kabat CDR 
loops of C8 (Test A, C) or ZAb_FLEP (Test B) onto the framework regions 
of different antibodies: Herceptin (Test A), C8 (Test B) and 3HI5:H (VH)/ 
3EYF:A (VL) (Test C). Herceptin was chosen as a framework for Test A 
since there are distinct differences in its canonical CDR structures rela
tive to C8, presenting an interesting example to demonstrate the 
importance of framework to CDR relationship. For instance, the ca
nonical class of L3 CDR loop is 1/9 A in Herceptin, which is different 
from that of C8. 

4.3. Recombinant expression of monoclonal antibodies 

Gblock gene fragments for engineered VH and VL sequences were 
cloned into pcDNA3.0 plasmid encoding heavy chain and light chain 
respectively before transfection into ExpiCHO-S cells in 30 mL scale. 
Antibodies were purified from supernatants on an ÄKTA Avant 150 
protein A purification system followed by dialysis to formulate them in 
PBS and sterile filtered. All purified antibodies were stored at − 80 ◦C for 
long term storage. 

4.4. Neutralization potency testing against ZIKV & DENV3 

The neutralization activity was tested by plaque reduction neutrali
zation test (PRNT) for ZIKV and an ELISA based microneutralization 
assay for DENV3. For the PRNT serially diluted antibody was mixed with 
an equal volume of individually diluted ZIKV strains (SG 2016/1, PF13 
(GenBank: MG827392) or MR766 (GenBank: LC002520)) and incubated 
for 1 h at 37 ◦C. The virus-antibody mixture was then applied to BHK21 
cell monolayers in 24-well plates and incubated for 1 h at 37 ◦C. After 
incubation, the virus-antibody mixture was removed and the cells were 
overlaid with semi-solid CMC overlay, and incubated for 5 days at 37 ◦C 
before the cells were fixed with 10% formalin and stained with 1% 
crystal violet. Plaques were counted and normalized to the mean of the 
virus control (no antibody). Plaque counts were plotted against the 
transformed concentrations of the antibody tested using GraphPad 
PRISM software and the PRNT50 calculated. 

For the microneutralization assay, serially diluted antibody was 
mixed with an equal volume of diluted DENV3 863 DK1 and incubated 
for 1 h at 37 ◦C. The virus-antibody mixture was then applied to VERO 
cell monolayers in 96-well plates and incubated at 37 ◦C for 5 days. After 
incubation, the cells are fixed overnight at − 20 ◦C with cold 1:1 
methanol-ethanol solution. The next day, mouse antibody, 4G2, fol
lowed by detection with a horseradish peroxidase (HRP)-conjugated 
anti-mouse antibody was used to measure the cell-associated viral an
tigens. TMB substrate solution was used to detect HRP activity and read 
at 650 nm using a plate reader. The mean absorbance of the response 
was calculated by subtracting the mean absorbance of the background 
signal, which are the wells without virus. These values were subse
quently plotted against the transformed concentrations of the antibody 
using GraphPad PRISM software and the EC50 calculated. 
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