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ABSTRACT Zika virus (ZIKV) is a global public health concern due to its ability to cause
congenital Zika syndrome and lack of approved vaccine, therapeutic, or other control
measures. We discovered eight novel rabbit monoclonal antibodies (MAbs) that bind to
distinct ZIKV envelope protein epitopes. The majority of the MAbs were ZIKV specific
and targeted the lateral ridge of the envelope (E) protein domain III, while the MAb
with the highest neutralizing activity recognized a putative quaternary epitope spanning
E protein domains I and III. One of the non-neutralizing MAbs specifically recognized
ZIKV precursor membrane protein (prM). Somatic hypermutation of immunoglobulin
variable regions increases antibody affinity maturation and triggers antibody class
switching. Negative correlations were observed between the somatic hypermutation rate
of the immunoglobulin heavy-chain variable region and antibody binding parameters
such as equilibrium dissociation constant, dissociation constant, and half-maximal effec-
tive concentration value of MAb binding to ZIKV virus-like particles. Complementarity-
determining regions recognize the antigen epitopes and are scaffolded by canonical
framework regions. Reversion of framework region amino acids to the rabbit germ line
sequence decreased anti-ZIKV MAb binding activity of some MAbs. Thus, antibody affin-
ity maturation, including somatic hypermutation and framework region mutations, con-
tributed to the binding and function of these anti-ZIKV MAbs.

IMPORTANCE ZIKV is a global health concern against which no vaccine or therapeutics are
available. We characterized eight novel rabbit monoclonal antibodies recognizing ZIKV en-
velope and prM proteins and studied the relationship between somatic hypermutation of
complementarity-determining regions, framework regions, mutations, antibody specificity,
binding, and neutralizing activity. The results contribute to understanding structural features
and somatic mutation pathways by which potent Zika virus-neutralizing antibodies can
evolve, including the role of antibody framework regions.

KEYWORDS Zika, antibody function, affinity maturation, somatic hypermutation,
framework region mutation, Zika virus structure, correlation analysis, neutralizing
antibodies

Zika virus (ZIKV) is a flavivirus that is transmitted to humans through mosquitoes (1)
and can also be transmitted between humans through sexual contact (2) and verti-

cally through pregnancy (3). ZIKV was initially identified in Africa in 1947 (4). Epidemics
were reported in Micronesia in 2007 (5) and French Polynesia in 2013 to 2014, with the
virus subsequently spreading to other countries in Oceania (6, 7). While most ZIKV
infections cause mild disease, in 2015, ZIKV spread rapidly in the Americas and caused
clusters of microcephaly and other congenital malformations in infants born to women
infected during pregnancy (8). Infection has been associated with microcephaly and
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other developmental abnormalities in fetuses and newborn babies (9) and Guillain
Barre syndrome, brain ischemia, myelitis, and meningoencephalitis in adults (8, 10). In
February 2016, the World Health Organization (WHO) declared ZIKV a Public Health
Emergency of International Concern (8, 11, 12). The number of ZIKV patients subse-
quently declined (13). However, ZIKV circulation has also been detected in numerous
Asian and African countries (14), including India (15), Thailand (16), Malaysia (17),
Myanmar (18), Angola (14), Kenya (19), Mali (20), and Ethiopia (21); thus, the virus still
poses a public health threat (13). No vaccines or therapeutics are available to prevent
or treat ZIKV infection or disease.

ZIKV is a positive-stranded RNA virus, closely related to other flaviviruses, including
Dengue virus (DENV), Yellow fever virus, West Nile virus, and Japanese encephalitis virus
(22). The viral genome is translated into a single polyprotein posttranslationally cleaved by
cellular and viral proteases into three structural proteins, capsid, precursor membrane
(prM), and envelope (E), and seven nonstructural proteins. ZIKV E protein is the primary
immunological determinant for inducing neutralizing antibodies and consists of three
domains: a central b-barrel domain (domain I [DI]), an extended finger-like dimerization
domain (DII), and an immunoglobulin-like segment (DIII) (23). The distal end of DII contains
the fusion loop (FL), a hydrophobic sequence that inserts into the host cell endosomal
membrane during pH-dependent conformational changes that drive fusion of the viral
and cellular membrane. In immature virions, ZIKV E protein forms a complex with the prM
protein, which is cleaved in the trans-Golgi network, facilitating E protein rearrangement
during virion maturation (24).

The human antibody repertoire is highly diverse due to the ability to randomly
assemble variable (V), diversity (D), and joining (J) segments of immunoglobulin genes
in B cells (25) during antibody affinity maturation. Antibody affinity maturation func-
tions to increase antibody affinity and specificity, generating antibodies capable of
effective antiviral activity (26). Affinity maturation is initiated by activation-induced cyti-
dine deaminase, which promotes isotype switching by deaminating deoxycytidines
within immunoglobulin genes, leading to somatic hypermutation (SHM) and class
switch recombination (27). Immunoglobulin binding affinity and specificity are deter-
mined by the amino acids in the complementarity-determining regions (CDR), which
generally form contacts with the antigen. Immunoglobulins contain six CDRs, three on
the heavy-chain and three on the light-chain. During antibody affinity maturation, the
CDRs undergo a high degree of somatic mutation. Among CDRs, the heavy-chain CDR3
(CDRH3), selected from the D allele, contains the highest degree of diversity in
sequence and length (28, 29). The framework region (FWR) sequences, located between
CDRs, form b barrel frameworks to stabilize the structure of the CDRs (27, 30, 31). While
the FWR sequences are generally less tolerant of mutations, recently the accumulation
of FWR mutations in anti-human immunodeficiency virus (HIV) antibodies was found to
increase the breadth and potency of neutralizing antibodies, suggesting that the FWR
can also contribute to antibody function (32–34).

Rabbit and human antibodies have similar features not shared by mouse antibodies
in terms of B-cell ontogeny and diversity of antibody repertoire (35, 36). From these
diverse repertoires, rabbit MAbs possess features such as high specificity (37), high af-
finity (38), and CDR3 regions that are similar in length to human CDR3s (39).

Here, we describe ZIKV-specific MAbs isolated after vaccination of rabbits with a
combination of a purified inactivated Zika vaccine (PIZV) candidate and ZIKV virus-like
particles (ZIKV-VLPs). The results demonstrate that both SHM and FWR mutations of
anti-ZIKV MAbs contribute to antibody affinity, specificity, and functionality.

RESULTS
Binding and neutralization activity of anti-ZIKV MAbs. Fourteen anti-ZIKV MAb

clones were isolated from rabbits vaccinated with Takeda’s candidate PIZV and boosted
with ZIKV-VLP. Based on preliminary screening and characterization, we selected eight
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MAbs with diverse characteristics (102-1, 242-3, 270-12, 289-3, 306-2, 78-2, 278-11, and 11-
3) for further characterization.

Seven MAbs (102-1, 242-3, 270-12, 289-3, 306-2, 11-3, and 278-11) bound specifi-
cally to ZIKV-VLP, and one MAb (78-2) was cross-reactive, binding to both ZIKV- and
DENV-VLP (Fig. 1A, Table 1). One MAb (278-11) bound only weakly to ZIKV-VLP. The
binding of all MAbs to ZIKV-VLP was at levels greater than a control cross-reactive
DENV MAb, 4G2 (Fig. 1A). Five ZIKV-specific MAbs (102-1, 242-3, 270-12, 289-3, and
306-2) demonstrated ZIKV-neutralizing activity (Table 1), with MAb 289-3 displaying
the lowest half-maximal inhibitory concentration (IC50) values of ZIKV neutralizing anti-
body titer (7.8 ng/mL).

Four MAbs (102-1, 242-3, 270-12, and 306-2) bound to ZIKV E protein, as deter-
mined by Western analysis, while one MAb (278-11) did not bind ZIKV E protein but
bound to a 30 kDa protein, identified as ZIKV prM protein (Fig. 1B, Table 1). Three
MAbs (289-3, 78-2, and 11-3) did not bind to any ZIKV protein on Western analysis, sug-
gesting that they bind quaternary epitopes. Equilibrium dissociation constants (KD)
ranged from 0.19 to 0.57 nM for MAb binding to ZIKV-VLPs and 0.10 to 1.78 nM for
MAb binding to soluble ZIKV E protein. For MAbs 102-1, 242-3, 270-12, and 11-3, KD for
ZIKV-VLPs was lower than KD for ZIKV E protein (Fig. 2, Table 1).

Epitope mapping of anti-ZIKV MAbs. The epitopes recognized by MAbs 102-1,
242-3, 270-12, 289-3, 306-2, 78-2, and 278-11 were mapped by screening for binding
against a comprehensive shotgun mutagenesis alanine scanning mutant library cover-
ing ZIKV prM/E (Fig. 3, Table 2). Three ZIKV-neutralizing MAbs (102-1, 242-3, and 270-
12) bound epitopes in the lateral ridge of domain III. MAb 102-1 recognized an epitope
covering residues T309, T335, G337, and S368. The epitope of MAb 270-12 also
included residues T335 and S368. MAbs 242-3 and 270-12 also recognized domain III
lateral ridge, including residues T369 and E370, in addition to residues T335 and S368.
MAb 306-2 bound to an epitope including residues I317, T397, H398, and H399 at the
distal end of domain III. Consistent with its cross-reactivity with DENV, MAb 78-2 bound
to residues G100 and L107 in the highly conserved fusion loop. The shotgun mutagen-
esis analysis demonstrated that MAb 289-3 recognized a conformational quaternary
epitope spanning domains I and III, including amino acid residues E162, G182, K301,
G302, and S368. In addition, MAb 278-11 was confirmed to bind prM protein, with a
linear epitope including residues D57, E58, G59, and V60.

Antibody allele analysis of anti-ZIKV MAbs. The rabbit anti-ZIKV MAbs all utilized
one of two heavy-chain variable region alleles, IGHV1S40*01 for MAbs 102-1, 289-3,
306-2, 78-2, and 278-11 and IGHV1S45*01 for MAbs 11-3, 242-3, and 270-12 (Table 3).
242-3 and 270-12 recognize the same two amino acids on the domain III lateral ridge
(Fig. 3, Table 2). Four alleles for the D region were utilized, IGHD1-1*01, 4-1*01, 7-1*01,
and 8-1*01, and two alleles for J region, IGHJ4*01 and IGHJ6*01 (Table 3). The MAbs
utilized six alleles of light-chain variable region: five kappa chains, IGKV1S10*01 for
MAbs 289-2 and 11-3, IGKV1S32*01 for 278-11, IGKV1S34*01 for 242-3 and 270-12,
IGKV1S36*01 for 306-2, and IGKV1S37*01 for 102-1, and one lambda chain, IGLV5S3*01
for 78-2. The J region alleles utilized were IGKJ1-2*01 for kappa and IGLJ5*01 for
lambda chain (Table 3).

Mutation analysis and CDR3 length of anti-ZIKV MAbs. The protein SHM rate for
the MAbs varied from 8.2% to 20.6% for heavy-chain and 8.4% to 22.7% for light-chain.
The CDR mutation rate ranged from 20.0% to 57.9% for the heavy-chain CDR1 and -2
and 14.8% to 68.8% for the light-chain CDR1 to -3. The FWR was mutated 3.8% to
15.2% for heavy-chain and 6.3% to 17.7% for light-chain (Fig. 4A and B, Table 3). The
CDRH3 lengths ranged from 10 to 18 amino acids for heavy-chain and 12 to 16 amino
acids for light-chain. We analyzed the neutralizing MAbs to understand the contribu-
tion of the heavy-chain mutations and CDRH3 length to specificity and neutralization
activity. The two ZIKV-specific neutralizing MAbs that demonstrated the highest SHM/
FWR mutation rates were MAb 102-1 (20.6%/11.5%) and MAb 289-3 (18.6%/15.2%),
which recognize a quaternary epitope. On the other hand, the neutralizing MAb 306-2,
which recognizes an epitope at the distal end of domain III, had the lowest SHM/FWR
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mutation rate, 8.2%/3.8%. (Fig. 4A and Table 3). Consistent with the high SHM/FWR
mutation rates, the quaternary MAb 289-3 had the longest CDR3 length at 18 amino
acids. The CDR1,2 mutation rate of MAb 289-3 was 33.3%. The CDR3 length of the MAb
102-1 was 12 amino acid residues, with a high CDRH1,2 mutation rate of 57.9%. The
CDR3 length of MAb 306-2 was the shortest among the MAbs at 10 amino acids, with a
CDRH1,2 mutation rate of 26.3% (Fig. 4A and Table 3). The other two neutralizing

FIG 1 Reactivity of anti-ZIKV MAbs. (A) Reactivity of anti-ZIKV MAbs with ZIKV and DENV virus-like particles (VLP) using Luminex assay.
ZIKV- and DENV-VLP were conjugated to MagPlex beads (Luminex) and 10,000 beads/mL of these beads mixed with 10 mg/mL to
0.0002 ng/mL anti-ZIKV MAb 102-1, 242-3, 270-12, 289-3, 306-2, 11-3, 278-11, 78-2, and 4G2 for 90 min at room temperature. (B) Western
blot analysis of anti-ZIKV MAbs. ZIKV-VLP were heat denatured under nonreduced conditions at 70°C for 5 min. Samples (left, 27 ng; right,
240 ng) were electrophoresed by Wes capillary and detected by 10 mg/mL anti-ZIKV MAb clones. Left, MAb 102-1, 242-3, 270-12, 289-3,
306-2, 78-2 and 11-3. Right, 278-11. M, molecular weight marker. The estimated molecular mass of ZIKV E protein, 55 kDa; prM protein,
23 kDa.
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MAbs, 242-3 and 270-12, had similar sequences with an amino acid identity of 99%
and similar epitope recognition in the lateral ridge of domain III. SHM/FWR mutation
rates (MAb 242-3, 12.1%/6.3%; MAb 270-12, 11.1%/5.1%) and CDR3 lengths (17 amino
acids for both) were intermediate between MAbs 289-3 and 306-2. Interestingly, the
ZIKV prM-specific non-neutralizing MAb 278-11 also had a high SHM/FWR mutation
rate of 17.9%/11.5% and a high CDRH1,2 mutation rate of 47.1%. The CDR3 length of
MAb 278-11 was 12 amino acids. In conclusion, among ZIKV-specific neutralizing
MAbs, we observed higher somatic mutation and the longest CDR3 length in the MAb
recognizing a quaternary epitope. There was no clear trend between epitope mapping
information and SHM, FWR mutation, and CDR information for the light-chain variable
region, except that the longest CDR3 length (16 amino acids) was also observed in
MAb 289-3, which recognizes a quaternary epitope (Fig. 4B and Table 3).

Correlations among anti-ZIKV MAb variable region mutations, CDR3 length,
and antibody binding parameters in ZIKV-neutralizing antibodies. We analyzed
the correlation between binding parameters and SHM, CDR, and FWR mutation and
CDR3 length for all eight neutralizing and non-neutralizing anti-ZIKV MAbs (Fig. 5A
and B and Table 4). Two parameters were negatively correlated: heavy-chain CDR
mutation/KD (r = 20.722, P = 0.043) (Fig. 5E) and light-chain CDR mutation/associa-
tion constant (ka) (r = 20.708, P = 0.050) (Fig. 5F). There were weak negative to no
correlations for other parameters (r = 20.546 to 20.427). Focusing on the five ZIKV-
neutralizing MAbs, 102-1, 242-3, 270-12, 289-3, and 306-2, we observed negative cor-
relations between binding parameters and heavy-chain SHM, CDRH, and FWR muta-
tion rates (r = 20.985 to 20.264) (Fig. 5C, Table 4). There were significant negative
correlations between SHM and VLP binding Luminex 50% effective concentration
(EC50) (r = 20.971, P = 0.006) (Fig. 5G), FWR mutations and VLP binding Luminex EC50

(r = 20.924, P = 0.025) (Fig. 5H), CDR mutations and KD (r = 20.920, P = 0.027)
(Fig. 5I), and CDR mutations and dissociation constant (kdis) (r = 20.985, P = 0.002)
(Fig. 5J). While correlations between CDRH3 length and binding parameters were
low, there was a trend for correlation between CDRH3 length and neutralizing anti-
body EC50 values (r = 20.831, P = 0.081) (Fig. 5K). Overall, correlations were weaker
between binding and light-chain parameters, SHM, FWR mutation, and CDR length
(r = 20.825 to 0.186) (Fig. 5D, Table 4). Contrary to the other observations, CDR muta-
tion parameters showed positive correlations (r = 0.049 to 0.826).

Impact of framework amino acids on the binding activity of anti-ZIKV MAbs. To
understand the impact of the FWR mutations on MAb binding, all FWR amino acids of
anti-ZIKV domains I to III and MAb 102-1, 270-12, 289-3, and 306-2 were reverted to
the germ line amino acids of the allele and characterized (Fig. 6, Table 5). Reversion of
4 FWR heavy-chain (FWRH) and 12 FWR light-chain (FWRL) amino acids in MAb 270-12
resulted in the loss of binding activity to ZIKV E protein and reduced binding to ZIKV-
VLPs (Fig. 6B and F). Reversion of 9/9 and 3/5 amino acids of FWRH/FWRL chains of

TABLE 1 Summary of characterization of anti-ZIKV MAbs

Clone

Luminex assay
Western
reactivityb

MNT titer,
IC50, ng/mLc

Kinetic analysis

VLP E protein

Specificitya EC50, ng/mL KD, nM ka, 1/Ms kdis, 1/s KD, nM ka, 1/Ms kdis, 1/s
102-1 ZIKV 12.3 E 38.4 0.20 1.30� 105 2.59� 1025 1.78 9.67� 104 1.72� 1024

242-3 ZIKV 25.1 E 42.8 0.24 2.02� 105 4.93� 1025 1.22 6.71� 104 8.16� 1025

270-12 ZIKV 46.2 E 37.2 0.31 1.40� 105 4.27� 1025 1.04 9.45� 104 9.80� 1025

289-3 ZIKV 15.7 ND 7.8 0.30 1.55� 105 4.58� 1025 0.29 1.29� 105 3.68� 1025

306-2 ZIKV 89.9 E 10,547 0.40 1.60� 105 6.34� 1025 0.17 1.17� 105 2.04� 1025

78-2 CR 303 ND ND 0.19 2.21� 105 4.28� 1025 0.10 1.92� 105 1.94� 1025

278-11 ZIKV 23,800 prM NT 0.45 1.87� 105 8.49� 1025 NT NT NT
11-3 ZIKV 6.93 ND ND 0.57 1.25� 105 7.13� 1025 1.53 8.98� 104 1.37� 1024

aZIKV, ZIKV specific; CR, cross-reactive.
bE, Envelope protein; prM, precursor membrane protein. ND, not detected.
cMNT, microneutralization test; NT, not tested.
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MAb 102-1 and 306-2, respectively, increased the dissociation rate of ZIKV E protein
binding. However, there were no differences in binding to ZIKV-VLPs (Fig. 6A, D, E, and
H). Although the highest rate of mutation of FWR H and L chains was observed in MAb
289-3, reversion of 13 FWRH and 9 FWRL amino acids of MAb 289-3 did not alter bind-
ing to either ZIKV E protein or ZIKV-VLPs (Fig. 6C and G).

DISCUSSION

We identified and characterized eight unique ZIKV-specific rabbit MAbs with diverse
qualities, including epitope specificity, neutralizing activity, and degree of affinity mat-
uration. Rabbits represent an alternative species to generate MAbs with properties sim-
ilar to those of human MAbs. Rabbits are evolutionarily distinct from mice and other
rodents, and rabbit and rodent antibody ontogeny also differ (36). Rabbit antibodies have
a long average CDRH3 of 14.8 6 3.6 amino acids, which is similar to the average human

FIG 2 Kinetic analysis of anti-ZIKV MAbs. Kinetic analysis was conducted by Octet HTX (Sartorius). Anti-ZIKV MAbs were conjugated
to an amine-reactive 2nd generation (AR2G) biosensor at 0.1 to 0.3 mg/mL, and the association constant (ka) was measured over 0 to
900 s and dissociation constant (kdis) for 1,200 s for ZIKV-VLP or E proteins at various concentrations. (A) MAb 289-3 and 102-1 to
ZIKV-VLP, 3.3 to 16.7 nM. (B) MAb 289-3 and 102-1 to ZIKV E proteins, 6.67 to 33.3 nM, red line, fitting pattern. (C) ka/kdis plot for
anti-ZIKV MAbs to ZIKV-VLP and ZIKV E proteins. Blue, MAb 78-2, 289-3, 306-2 and 278-11; red, MAb 102-1, 242-3. 270-12, and 11-3.
ka and kdis values were calculated by two runs, and the average values are shown. Values (nM) for equilibrium dissociation constants
(KD) are shown for each dotted line. KD = Kdis/Ka.
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CDRH3 length, 15.36 4.0 amino acids, and longer than the average mouse CDRH3 length
of 11.16 2.0 (39). The rabbit CDRH3 length likely contributed to the neutralizing properties
of anti-ZIKV MAbs directed to conformational and quaternary epitopes. Human conforma-
tional anti-ZIKV-neutralizing antibodies have been described with CDRH3 lengths of 15 to
26 amino acids (39–42). The CDRH3 length of the rabbit anti-ZIKV neutralizing MAbs recog-
nizing conformational epitopes described here had 12 to 18 CDRH3 amino acids. Rabbit
immunoglobulin genes also undergo a high degree of variable region rearrangement (39).
The SHM rates of the identified rabbit anti-ZIKV MAb genes ranged from 5.4% to 10.5%,
compared to SHM rates of published human and mouse anti-ZIKV MAbs of 2.7% to 10.4%
(43, 44).

Potently neutralizing ZIKV-specific human MAbs have been described that map to
the domain III lateral ridge (43, 45–47), domain II (47, 48), or to complex epitopes span-
ning multiple domains (49, 50), while fusion loop-specific MAbs are more likely to be
cross-reactive with DENV (42). Three of the rabbit MAbs described here map to the do-
main III lateral ridge, a region that is also targeted by several mouse and human MAbs
that have demonstrated ZIKV-neutralizing activity and protective immunity in mouse
models, suggesting that this is an immunodominant region for ZIKV-specific neutraliz-
ing antibodies in multiple species (45, 47, 48, 51). The epitopes recognized by MAbs
102-1 and 270-12 include residue S368 in the domain III lateral ridge, which has been
determined to be an important residue for human ZIKV-specific neutralizing antibodies
(52). MAb 242-3 also recognized the domain III lateral ridge, but while S368 was not
identified as a critical residue, the adjacent residues T369 and E370 were identified as
critical. Other human ZIKV-specific neutralizing antibodies, including ZIKV-116, 7B3,
and ZK2B10, recognize domain III lateral ridge epitopes (47, 48, 53) whose residues are
overlapping but distinct from those of the rabbit MAbs described here. These results
suggest that domain III immunodominant ZIKV-specific epitopes recognized by neu-
tralizing rabbit MAbs are similar to epitopes recognized by human ZIKV-specific MAbs,
with the exception of ZIKV-specific neutralizing MAb 306-2, which recognizes a novel
conformational epitope at the distal end of domain III.

FIG 3 Epitope mapping of anti-ZIKV MAbs. Critical residues (green spheres) for antibody binding are
visualized on a crystal structure of the ZIKV E protein dimer (PDB entry 5IRE, 73) or on a cryoelectron
microscopy structure of ZIKV precursor membrane prM protein for 278-11 (PDB entry 5U4W, 74).
Secondary residues (gray spheres) that may contribute to binding are also shown. Red, E protein domain
I; yellow, domain II; blue, domain III. Detailed data are shown in Table 2.
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Potently neutralizing antibodies recognizing complex and quaternary epitopes have
been described for a number of viruses, including ZIKV, DENV, and HIV (44, 49, 54, 55).
Among the MAbs described here, MAb 289-3 had the strongest neutralizing activity and
recognized a quaternary epitope, including critical amino acids in both domains I and III.
Previously, a rationally engineered MAb designed to target a quaternary epitope
spanning an epitope proximal to the fusion loop was capable of broadly neutralizing
ZIKV strains and conferred protection against vertical transmission and fetal mortality
in mice (49). Modeling studies suggest that MAbs targeting this region constrain the
E protein structure and block fusion (49). Further studies will be required to deter-
mine the structure of MAb 289-3 complexed with ZIKV E protein. Three ZIKV-specific
human MAbs have recently been described that also span an epitope in domains I
and III (44, 50). Alanine-scanning mutagenesis identified the critical residues recog-
nized by two of these MAbs, B11F and A9E, as mapping within domain I alone. Two
critical domain I residues of MAb 289-3, E162 and G182, are described as escape
mutation sites for MAb A9E (50, 56). We also note that the critical residues K301 (do-
main III) and G182 (domain I) were also identified by shotgun mutagenesis analysis
as critical for binding by the third MAb, protective anti-ZIKV MAb MZ4, which binds a
site centered on the E protein domain I/III linker region (44).

CDRH3 length was associated with increased neutralizing antibody activity. A high
degree of SHM and relatively long CDRH3 has been associated with the evolution of
potent neutralization activity as well as with recognition of complex quaternary epi-
topes (57). Among the MAbs with ZIKV neutralizing activity, the strength of binding
was associated with higher heavy-chain SHM, CDRH, and FWR mutation rates. Our find-
ings were consistent with those for anti-ZIKV EDE1 MAbs C8 and C10, which bind
across E protein dimers to strongly neutralize ZIKV (58) and show a high rate of heavy-
chain gene SHM, 6.9% and 2.8%, and longer CDRH3 length, 15 and 21 amino acid resi-
dues, respectively (42). The association between somatic mutation rate and increased
antibody affinity is well established (28, 59, 60). Characterization of MAb 289-3 demon-
strates that a high degree of SHM and long CDRH3 can be achieved by ZIKV vaccination
and can lead to the evolution of antibodies with potent ZIKV-specific neutralizing activity.

TABLE 2 Critical amino acid residues on ZIKV E/prM protein important for anti-ZIKV MAb bindinga

Protein Mutation

Antibody binding reactivity (%WT)

278-11b 78-2 102-1 242-3 270-12 289-3 306-2
prM D57A 0.8 (1) 123.3 (8) 84.5 (1) 91.9 (0) 105.1 (3) 97.92 (0) 122.1 (38)

E58A 14.7 (3) 129.5 (3) 84.0 (9) 96.8 (9) 93.1 (6) 83.9 (18) 117.1 (36)
G59A 28.5 (3) 116.7 (10) 99.4 (3) 94.9 (0) 99.3 (1) 93.6 (2) 127.6 (6)
V60A 19.9 (5) 113.1 (3) 77.6 (4) 97.2 (7) 85.9 (4) 96.7 (16) 100 (36)

E G100A 95.1 (0) 18.9 (1) 72.7 (9) 70.3 (4) 63.6 (2) 72.7 (9) 105.4 (34)
L107A 17.3 (0) 97.1 (19) 121.9 (6) 89.8 (4) 96.8 (27) 98.8 (9)
E162A 77.8 (21) 101.3 (1) 89.9 (10) 79.6 (11) 84.5 (0) 4 (0) 83 (18)
G182A 85.9 (5) 110.5 (3) 93.2 (8) 85.6 (6) 75.5 (9) 2.8 (0) 122.1 (39)
K301A 82.5 (4) 91.3 (7) 78.7 (14) 79.1 (3) 7.2 (1) 64.8 (7)
G302A 69.2 (14) 89.1 (2) 68.3 (13) 79.1 (0) 11.5 (2) 58.8 (10)
T309A 96.2 (17) 2.9 (2) 103.9 (6) 78 (7) 65.2 (8) 72.5 (7)
I317A 61.2 85.7 (6) 111.8 (40) 106.8 (5) 106.8 (25) 17.6 (4)
T335A 71.6 (13) 21.5 (2) 36.2 (15) 30.1 (1) 54 (4) 25.5 (25)
G337A 59.7 (32) 2.5 (0) 48.3 (20) 45.1 (1) 40 (11) 127 (0)
S368A 87.5 (0) 26.3 (3) 89.1 (15) 39.8 (4) 23.8 (10) 71.4 (21)
T369A 113.0 (2) 66.4 (4) 34.5 (13) 20.8 (7) 73.6 (7) 79.2 (7)
E370A 92.7 (6) 84.4 (8) 12.6 (3) 5 (2) 109.6 (2) 101.6 (5)
T397A 147 97.3 (6) 110.9 (11) 78.6 (3) 94.7 (20) 0.9 (2)
H398A 92.9 (13) 80.3 (3) 77.2 (9) 76.3 (1) 55 (7) 3.9 (3)
H399A 97.2 (0) 110.1 (1) 127.1 (24) 99.2 (11) 80.2 (10) 23 (2)

aMAb binding data for all prM/E clones identified as critical for MAb binding. MAb reactivities for each mutant are expressed as percent binding to wild-type (WT) prM/E,
with ranges (half maximumminus minimum values) in parentheses. Values are boldfaced for critical residues and italics for secondary residues. At least two replicate values
were obtained for each experiment.

bMAb 278-11 was screened only on a subset of the prM/E library clones that contained the mutations covering the prM protein.
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As expected, strong correlations were observed between antibody binding parameters
and heavy-chain CDR mutation rate, since CDRs make up the antigen-binding site. Strong
correlations were also observed between antibody binding parameters and FWR mutation
rate, which was less expected as FWRs likely do not directly bind but provide structural sup-
port for the CDRs. FWR mutations may increase antibody flexibility, facilitating CDR contact
with epitopes (33, 34). The role of FWR mutations in potency and neutralization of anti-HIV
MAbs is variable depending on the specific antibody (61). FWR mutations are important for
MAbs against anti-vascular endothelial growth factor, VEGF (34), and FWR mutations have
been widely applied, stabilizing the structure of humanized MAbs derived from mice (62).
We found that binding activity of MAbs 102-1, 306-2, and 270-12 was impacted by rever-
sion of FWR mutations but that FWR mutations were not essential for binding activity of
the most potent MAb, 289-3. This result for MAb 289-3 was different from our expectations,
since eight amino acids, the highest number among four MAbs, were changed in heavy-
chain FWR3 regions supporting CDR3, and the threonine residue at position 92 (in the inter-
national ImMunoGeneTics information system, termed IMGT numbering) (63) was mutated
to proline. Although the introduction of a proline residue might be thought likely to per-
turb the FWR structure, a proline at position 61 was critical for the thermal stability of a
broadly neutralizing anti-HIV MAb 3BNC60 (32). Further studies are required to more fully
understand the role of FWR amino acids in anti-flavivirus MAb specificity and activity.

In summary, we discovered eight ZIKV-specific MAbs against distinct regions of en-
velope and prM proteins, including a potent neutralizing MAb that recognized a qua-
ternary epitope spanning domains I and III and a non-neutralizing MAb that recog-
nized a linear epitope on the ZIKV prM protein. Detailed characterization of the rabbit
MAbs demonstrated that ZIKV-specific MAbs recognizing conformational and quater-
nary epitopes on the ZIKV E protein bind with high affinity and are neutralizing. There
were significant correlations between the SHM rate, FWR mutation rate, and antibody bind-
ing parameters. The higher degree of CDR mutation and SHM, and longest CDRH3, were
found in a MAb recognizing a quaternary epitope spanning ZIKV E domains I and III. For
some MAbs, reversion of FWR mutations to the germ line allele reduced the affinity of anti-
gen-binding. Thus, we conclude that both SHM and FWR mutations of anti-ZIKV MAbs con-
tribute to antibody affinity, specificity, and functionality.

TABLE 3 Summary of anti-ZIKV MAb allele and analysisa

Clone and chain V region

SHM (%) AA mutation (%)

CDR3 AA (N) CDR3 AA sequence

Region

DNA Protein FWR CDRb D J
Heavy-chain
102-1 IGHV1S40*01 9.4 20.6 11.5 57.9 12 IISTGGSHRFNL IGHD1-1*01 IGHJ4*01
242-3 IGHV1S45*01 5.7 12.1 6.3 35.0 17 ARSSYPDSSGYSYGMDL IGHD1-1*01 IGHJ6*01
270-12 IGHV1S45*01 5.4 11.1 5.1 35.0 17 ARSSYPDSSGYSYGMDL IGHD1-1*01 IGHJ6*01
289-3 IGHV1S40*01 10.4 18.6 15.2 33.3 18 ARAIAVGAGYGVGNYFTL IGHD7-1*01 IGHJ4*01
306-2 IGHV1S40*01 5.8 8.2 3.8 26.3 10 ARHPGTYFTL IGHD8-1*01 IGHJ4*01
78-2 IGHV1S40*01 8.1 15.3 6.4 50.0 17 ARDLPSFTAPYAGYLRL IGHD7-1*01 IGHJ4*01
278-11 IGHV1S40*01 10.5 17.9 11.5 47.1 12 ARYNTGGFYYDL IGHD4-1*01 IGHJ4*01
11-3 IGHV1S45*01 5.4 12.1 10.1 20.0 13 ARGGSTAAAGFNL IGHD7-1*01 IGHJ4*01

Light-chain
102-1 IGKV1S37*01 10.7 19.6 11.4 55.6 12 QATDVGGSGRGA IGKJ1-2*01
242-3 IGKV1S34*01 10.9 22.7 15.2 55.6 12 QTYYDISNYGYA IGKJ1-2*01
270-12 IGKV1S34*01 11.3 22.7 15.2 55.6 12 QTYYDISNYGYA IGKJ1-2*01
289-3 IGKV1S10*01 8.2 16.5 11.4 38.9 16 QSYYTSSSNADGSENA IGKJ1-2*01
306-2 IGKV1S36*01 8.4 16.8 6.3 68.8 12 QTYYYYNKIING IGKJ1-2*01
78-2 IGLV5S3*01 5.3 8.4 6.3 14.8 13 YTVHATESSLHYV IGLJ5*01
278-11 IGKV1S32*01 11.2 20.4 17.7 31.6 12 QQGYSSNDADNT IGKJ1-2*01
11-3 IGKV1S10*01 10.3 19.6 8.9 66.7 13 QCNDYGGTYVPNA IGKJ1-2*01

aV region, variable region; SHM, somatic hypermutation; CDR, complementarity-determining region; FWR, framework region; D, diversity region; J, joining region; AA, amino
acid.

bCDR1 and 2 for heavy-chain and CDR1-3 for light-chain.

Somatic Hypermutation and Anti-ZIKV MAb Functions Journal of Virology

June 2022 Volume 96 Issue 11 10.1128/jvi.00071-22 9

https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.00071-22


MATERIALS ANDMETHODS
Ethics. All procedures were conducted in compliance with the U.S. Department of Agriculture’s

Animal Welfare Act (9 CFR Parts 1, 2, and 3), the Guide for the Care and Use of Laboratory Animals (64),
and the National Institutes of Health, Office of Laboratory Animal Welfare. Whenever possible, proce-
dures in this study were designed to avoid or minimize discomfort, distress, and pain to animals. The ani-
mal immunization experiment protocols were approved by the IACUC (International Animal Care and
Use Committee) at LabCorp (Denver, PA, USA).

Antigens and other reagents. ZIKV (strain; PRVABC59; CDC, Fort Collins, CO) was grown in Vero
cells, harvested, purified, and formalin inactivated. These purified inactivated Zika viruses (PIZV) were
formulated with aluminum hydroxide. DENV-1-VLP (Nauru/Western Pacific/1974), DENV-2-VLP (Thailand/
16681/84), DENV-3-VLP (Sri Lanka D3/H/IMTSSA-SRI/2000/1266), DENV-4-VLP (Dominica/814669/1981),
ZIKV-VLP (Suriname Z1106033), and ZIKV E protein (Suriname Z1106033) were purchased from The
Native Antigen Company (Oxford, UK). DENV-1 (Nauru/Western Pacific/1974), DENV-2 (Thailand/16681/
84), DENV-3 (CH53489), and DENV-4 (TVP/360) inactivated viruses were obtained from Microbix
Biosystems (Mississauga, ON, Canada). Anti-flavivirus group antigen-antibody clone D1-4G2-4-15 (4G2)
(65) was obtained from Absolute Antibodies (Oxford, UK).

Rabbit immunization and spleen cell preparation. Two New Zealand white female rabbits
(LabCorp, Denver, PA, USA) were immunized intramuscularly (i.m.) with 5 mg of PIZV plus aluminum hy-
droxide on days 0, 14, 28, 56, and 95. Both rabbits were boosted i.m. with 5 mg ZIKV-VLP in Freund’s
incomplete adjuvant on day 109, followed by intravenous injection of 5 mg ZIKV-VLP on day 130.
Splenocytes from rabbits were isolated 4 days after the final boost. The spleen cells were dispersed and
subjected to red cell lysis. The cells were frozen in a freezing medium (90% fetal bovine serum and 10%
dimethyl sulfoxide) in liquid nitrogen.

Anti-ZIKVMAb hybridoma generation and clone selection. Eight hundred million rabbit spleno-
cytes were fused with 400 million fusion partner cells (240E-W2 cells) (66) and plated into 80 96-
well plates. The hybridomas were cultured at 37°C, 5% CO2. After 14 days, 7,680 multiclonal super-
natants were screened by enzyme-linked immunosorbent assay (ELISA) using ZIKV-VLP and ZIKV E
protein. A total of 384 clones were positive for ZIKV-VLP alone, and 19 positive multiclones were

FIG 4 Variable region mutations and CDR3 length of anti-ZIKV MAbs. Somatic hypermutation (SHM), framework region (FWR)
mutations, complementarity-determining region (CDR) mutations, and CDR3 amino acid length of anti-ZIKV MAbs. (A) Heavy-chain
variable region. (B) Light-chain variable region. Binding ZIKV amino acid residues and ZIKV domains are shown for each MAb
(detailed data are in Table 3). Blue bar, MAb epitopes, ZIKV E protein domain III or domain I to III; green bar, MAb epitope, ZIKV E
protein fusion loop (FL); yellow bar, MAb epitope, ZIKV precursor membrane (prM) protein. Boldfaced amino acid residues, critical
amino acid of ZIKV E protein and prM protein for anti-ZIKV MAb binding (Table 2).
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selected by both ZIKV-VLP and E protein. These multiclones were subcloned by limited dilution,
and 155 submonoclones were determined by MAb production; ZIKV neutralizing activity; ELISA
against DENV1-4 inactivated virus, ZIKV-VLP, and ZIKV E protein; and kdis ranking against ZIKV-VLP
using Octet-96 Red (Sartorius, Fremont, CA, USA). We selected 14 clones with high antibody expres-
sion for further characterization, nine clones with neutralizing activity and five clones without neu-
tralizing activity.

FIG 5 Correlation analysis of anti-ZIKV MAb somatic hypermutations, CDR length, and antibody binding parameters. (A to D) r values of
correlation analysis between anti-ZIKV MAb somatic hypermutation (SHM), complementarity-determining region (CDR) mutation, framework
region (FWR) mutation, CDR3 amino acid length, and antibody binding parameters. (A and B) Binding parameters of all eight anti-ZIKV
MAbs, 102-1, 242-3, 270-12, 306-2, 289-3, 78-2, 278-11, and 11-3. (C and D) Anti-ZIKV neutralizing MAbs 102-1, 242-3, 270-12, 306-2, and
289-3. (E to K) Correlation analysis of anti-ZIKV MAb SHM, CDR, FWR mutations, CDR3 length, and binding parameters. (E) Correlation
between heavy-chain CDR mutations and equilibrium dissociation constant (KD) for all anti-ZIKV MAbs. (F) Correlation between light-chain
CDR mutations and association constant (ka) for all anti-ZIKV MAbs. (G) Correlation between heavy-chain SHM rate and Luminex assay EC50

value for anti-ZIKV neutralizing MAbs. (H) Correlation between heavy-chain FWR mutation rate and Luminex assay EC50 value for anti-ZIKV
neutralizing MAbs. (I) Correlation between heavy-chain CDR mutation rate and KD for anti-ZIKV neutralizing MAbs. (J) Correlation between
heavy-chain CDR mutation rate and dissociation constant (kdis) for anti-ZIKV neutralizing MAbs. (K) Correlation between heavy-chain CDR3
length and microneutralization test (MNT) IC50 value for anti-ZIKV neutralizing MAbs. Plot and linear regression curves are shown. Red, P ,
0.05; blue, P . 0.05.
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DNA sequence analysis of anti-ZIKV MAbs. Hybridoma cells were collected and lysed for poly(A)1

mRNA isolation using poly(A)1 RNA isolation kit. Reverse transcription-PCR was conducted using RNA
products and synthesized cDNA. First, the rabbit IgG variable region of heavy-chain and full-length light-
chain were individually PCR amplified using gene-specific primers. Following gel purification of PCR
products, the entire light-chain fragment was cloned into a mammalian light-chain expression vector.
Next, the heavy-chain variable fragment was fused with rabbit heavy-chain constant region expression
vectors.

Anti-ZIKV MAb expression and purification. To express recombinant rabbit monoclonal antibod-
ies, the light- and heavy-chain mammalian expression plasmids were cotransfected into exponentially
growing 293-6E cells using lipid-mediated transfection reagent (67). The serum-free culture supernatant
was harvested 5 days after transfection by centrifugation. Harvested culture medium was centrifuged to
remove cell debris, and the clear supernatant containing secreted monoclonal antibodies was purified
through MabSelect SuRe protein A column chromatography (Cytiva, Marlborough, MA, USA). The eluted
antibody was dialyzed in phosphate-buffered saline (PBS) buffer, sterile filtered, and adjusted to pH 7.4.

Antibody expression and purification of anti-ZIKV allele reverted MAbs. The light and heavy
chains of rabbit MAb mammalian expression plasmids were cotransfected into Expi 293 cells systems
(Thermo Fisher, Waltham, MA, USA) (68), and the transfected medium was harvested 5 days after trans-
fection with centrifuging. Monoclonal antibodies were purified through protein A Sepharose (Cytiva,

FIG 6 Binding activity of framework region (FWR) amino acid reverted anti-ZIKV MAb. (A to D) Association and dissociation analysis
of FWR amino acid reverted anti-ZIKV MAbs by Octet HTX (Sartorius); 2 mg/mL MAbs were captured to protein G biosensor
(Sartorius), and 3 mg/mL ZIKV E protein was associated for 600 s and dissociated for 900 s. (E to H) Reactivity of anti-ZIKV MAbs of
ZIKV-VLP using Luminex assay. Blue, anti-ZIKV MAbs with matured amino acid; red, anti-ZIKV MAbs with amino acid reverted to
allele. (A and E) MAb 102-1. (B and F) MAb 270-12. (C and G) MAb 289-3. (D and H) MAb 306-2.
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Marlborough, MA, USA). The eluted antibody was exchanged to Dulbecco's phosphate-buffered saline,
(D-PBS, Gibco, Waltham, MA, USA), using Amicon Ultra (Merck Millipore, Burlington, MA, USA).

Allele analysis. Anti-ZIKV MAb allele and CDR3 regions were analyzed by IMGT/V-QUEST (http://
www.imgt.org/IMGT_vquest/analysis) and NCBI IGBLAST (https://www.ncbi.nlm.nih.gov/igblast/). SMH
rate, FWR mutation, and CDR mutation were calculated by mutated DNA and proteins in the variable
region from the allele sequence.

Neutralization assay. A 50% tissue culture infective dose (TCID50)-based microneutralization test
(MNT) was used for the virus-neutralizing activity of MAbs in 96-well plates. ZIKV (PRVABC59; CDC, Fort
Collins, CO) grown in Vero cells was used as the challenge virus in the neutralization assay. First, hybrid-
oma supernatants or diluted purified MAbs were incubated with 100 TCID50/well of ZIKV for 1.5 h at
37°C 5% CO2. Next, the ZIKV-MAb mixture was added to Vero cell monolayers in 96-well plates. The
plates were incubated at 37°C 5% CO2 for 5 days, and cytopathic effect was scored under light micros-
copy. Relative infectivity was plotted against MAb concentration, and IC50 values were determined as
described previously (46).

Western analysis.Western blot analysis was conducted by a capillary-based electrophoresis system
(69) (Wes; ProteinSimple, Santa Clara, CA, USA). In brief, 27 or 240 ng ZIKV-VLP was denatured at 70°C
without reducing agent for 5 min and loaded on a Wes assay plate and electrophoresed. Next, 10 mg/
mL anti-ZIKV MAb was charged, followed by Wes horseradish peroxidase-conjugated anti-rabbit second-
ary antibody. The sample run was analyzed by examining the electropherogram and digital gel image.

Luminex assay. The Luminex assay was conducted by FlexMap 3D (Luminex, Austin, TX, USA), and
the conjugation of VLP was previously reported (70). Briefly, 65 mg ZIKV and DENV-VLP was conjugated
to 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride, ECD/N-hydroxy-sulfo-succinimide,
NHS (Thermo Fisher, Waltham, MA, USA), and activated in 12.5 million MagPlex beads (Luminex, Austin,
TX, USA) in 50 mM 2-(N-morpholino)ethanesulfonic acid buffer, pH 7.0 or 6.0, for 120 min at room tem-
perature. After conjugation, excess active residues were blocked by sample buffer (1% bovine serum al-
bumin [BSA] in D-PBS) overnight at 4°C. A total of 10,000 ZIKV- and DENV-VLP conjugated beads/mL and
anti-ZIKV MAb was incubated at room temperature in sample buffer for 90 min and washed with phos-
phate-buffered saline plus 0.05% Tween 20 (PBST). After washing, the beads were incubated with
10 mg/mL phycoerythrin-labeled anti-rabbit IgG (Thermo Fisher, Waltham, MA, USA) for 60 min. The
beads were washed and mixed with sheath fluid (Luminex, Austin, TX, USA). The plates were measured
the fluorescence intensity by FlexMap 3D.

KD measurement. Antibody kinetic analyses were conducted by Octet HTX systems (Sartorius, Fremont,
CA, USA). Briefly, 0.1 to 0.3 mg/mL anti-ZIKV MAb was conjugated to an amine-reactive 2nd generation
(AR2G) biosensor (Sartorius, Fremont, CA, USA) using EDC/NHS at pH 4.0 or 5.0 in acetic buffer. A volume of
0.1 to 1.0mg/mL ZIKV-VLP or 0.2 to 2mg/mL ZIKV E protein in 1� kinetic buffer (Sartorius, Fremont, CA, USA)
was associated with anti-ZIKV MAb for 900 s and dissociated for 1,200 s. Kinetic parameters, association con-
stant (ka), and dissociation constant (kdis) were analyzed by Octet Data Analysis Software HT (ver. 11.1.2.48
Sartorius, Fremont, CA, USA) with the Langmuir 1:1 binding model. Equilibrium dissociation constants (K

D
)

were calculated the following equation: K
D
= kdis/ka.

Shotgun mutagenesis epitope mapping. Epitope mapping by shotgun mutagenesis and alanine-
scanning mutagenesis (71) was performed as described previously (47). A ZIKV (ZIKV SPH2015) prM/E alanine
scanning mutation library was created, individually changing residues to alanine (or alanine residues to ser-
ine). A total of 672 ZIKV prM/E mutants (100% coverage of prM/E) were generated and transfected into HEK-
293T cells. Cells were fixed in 4% (vol/vol) paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA,
USA) and permeabilized with 0.1% (wt/vol) saponin in D-PBS plus calcium and magnesium (D-PBS11) before
incubation with MAbs diluted in D-PBS11, 10% normal goat serum, and 0.1% saponin. Antibodies were
detected using 3.75 mg/mL AlexaFluor488-conjugated secondary antibody (Jackson ImmunoResearch
Laboratories, West Grove, PA, USA) in 10% normal goat serum with 0.1% saponin. Cells were washed three
times with D-PBS11 and 0.1% saponin followed by two washes in D-PBS, and mean cellular fluorescence
was detected using a high-throughput iQue flow cytometer (Sartorius, Fremont, CA, USA). MAb reactivities
against each mutant prM/E clone were calculated relative to wild-type prM/E reactivity by subtracting the sig-
nal from mock-transfected controls and normalizing the wild-type prM/E-transfected controls. The counter-
screen strategy facilitates the exclusion of mutants locally misfolded or has an expression defect (72).

Correlation analysis. All data were analyzed by GraphPad Prism (Ver.8.0.0, San Diego, CA). Eight
anti-ZIKV MAbs (102-1, 242-3, 270-12, 289-3, 306-2, 78-2, 278-11, and 11-3) and five neutralizing anti-
ZIKV MAbs bound to E protein domains III and I to III (102-1, 242-3, 270-12, 289-3, and 306-2) were
selected for the analysis. We analyzed the correlation between anti-ZIKV MAb variable region mutations
(SHM, FWR mutations, and CDR mutations), CDR3 length, and antibody functions (EC50 of Luminex assay,
KD, ka, kdis of ZIKV-VLP, and IC50 of neutralization). All parameters were converted into log10 and com-
pared the correlations.

Association/dissociation analysis of FWR mutation reverted anti-ZIKV MAb. Evaluation of anti-
ZIKV MAb allele mutation reverted MAb was conducted by Octet HTX (Sartorius, Fremont, CA, USA).
Briefly, anti-ZIKV MAbs were diluted to 2 mg/mL in 0.1% BSA-PBST buffer and captured by protein G bio-
sensor (Sartorius, Fremont, CA, USA); 3 mg/mL ZIKV E protein was associated for 600 s and dissociated
for 900 s in the same buffer.
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