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Background: Variable heavy chain (VH) family frameworks
(FWRs) have been reported to affect antibody receptor and
superantigen binding; however, such effects in IgE remain
largely unknown. Given that VH family biases have been
previously reported in IgE of certain allergies, there is a need to
investigate this phenomenon for biotechnological and
therapeutic purposes.
Objective: We sought to investigate the effects of VH families on
IgE interaction with FcεRIa, anti-IgE omalizumab, antigen,
and superantigen protein A (spA) by using the pertuzumab and
trastuzumab IgE models.
Methods: Pertuzumab VH1–VH7 family variants of IgE with
the same complementarity-determining regions were
investigated with regard to their binding interactions to FcεRIa,
Her2, omalizumab, and spA. Notable FcεRIa-IgE observations
were cross-checked against appropriate trastuzumab IgE VH
variants. Computational structural modeling and simulations
were also performed for insight into the mechanism of
interactions with various VH FWRs.
Results: The pertuzumab VH5 IgE variant, but not the
trastuzumab VH5 IgE, was found to interact with FcεRIa
significantly longer than the respective VH family variants
within each model antibody. No significant differences in
interaction were found between IgE and omalizumab for the
pertuzumab VH variants. Although trastuzumab VH3
interacted with spA, none of our pertuzumab VH variants,
including VH3, associated with spA.
Conclusion: We found unexpected varying allosteric
communications caused by the VH family FWRs to the
FcεRIa-, Her2-, and spA-binding regions of pertuzumab IgE,
with implications for use of IgE/anti-IgE therapeutics to treat
allergy and IgE therapeutics in allergo-oncology. (J Allergy Clin
Immunol 2019;nnn:nnn-nnn.)
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IgE is the main immunoglobulin isotype associated with type 1
hypersensitivity and mast cell/basophil activation.1,2 The cellular
activation typically results from multivalent allergen binding1 to
the variable regions (V-regions) of FcεRIa-bound IgE, but recent
evidence suggest the possibility of mast cell receptor activation
with IgE alone, without the presence of a known antigen.3,4 As
such, current intervention strategies for allergy activation in using
an anti-IgE antibody (omalizumab) to target and deplete the free
IgE indirectly reduce mast cell FcεRI expression and activity.5-7

Such anti-IgE strategies can also disrupt preformed FcεRIa-IgE
complexes, although only at very high concentrations of omalizu-
mab, both in vitro and ex vivo.8,9

Within IgEV-regions, there are reports of overrepresentation of
specific variable heavy chain (VH) framework (FMR) families in
the IgE population, such as VH1 in patients with peanut allergy10

and VH5 in asthmatic patients11,12 and patients with allergic
rhinitis.13 However, these studies10-14 were typically performed
on mucosal tissues, whereas studies on PBMCs do not show
such biases.15-19 The reason for such discrepancies was suggested
to be due to the presence of specific antigens or superantigens in
these tissues, noting that unlike mucosal surfaces, blood is typi-
cally sterile and free from microorganisms.

Superantigens typically bind indiscriminately to antibodies and
have been industrially exploited for antibody purificationmethods.20

They are reported to interact with specific VH FWRs (eg, protein
A [spA] to some VH3 FWRs),21-24 but because not all the same
VH FWRs bind to such superantigens, there is no reason to believe
that VH FWRs are the sole factors in superantigen binding. As a
possible mechanism for superantigen activation of FcεRIa-bound
IgE, recent investigations on antibodies have demonstrated that an-
tigen binding at antibodyV-regions can elicit structural changes that
facilitate cell signaling25 and that even VH families can elicit distal
effects on antibody constant regions (C-regions) for IgGs26-29 and
IgA.30 This allosteric effect was also shown when the changing of
antibody C-regions affected antigen binding.31

To investigate the effects of different VH family FWRs on
FcεRIa and superantigen binding, as well as for anti-IgE
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therapeutics, we investigated 7 VH families using pertuzumab
antibody as a model for grafting onto the IgE C-region31 and
measured interactions with FcεRIa, superantigen spA, anti-
IgE (omalizumab), and Her2 using biolayer interferometry.
Trastuzumab VH family variants were also investigated as a
cross-check to any possible VH FWR effects found on
pertuzumab.

METHODS

Cloning of antibodies
Complementarity-determining regions (CDRs) of pertuzumab and trastu-

zumabVHswere grafted onto the various germlineVH families representative

of VH1 to VH7, as previously described (Fig 1).32 The VH families were

joined to the IgE C-region, as previously performed.31,33 Plasmids were trans-

formed into homemade competent DH5a bacteria, as previously described,34

and extracted by using our in-house extraction kits.35 To allow us to minimize

differences for future more in-depth investigations, trastuzumab was selected

as a cross-checking model because the trastuzumab-pertuzumab pair shared

high sequence similarity, had the same VH3 FWR, were both specific against

Her2, andwere produced by the same company (see Fig E1 in this article’s On-

line Repository at www.jacionline.org).

Production and purification of FcεRIa
The extracellular FcεRIa portion of the high-affinity IgE receptor

(accession no: NP_001992.1, amino acids 1-201) with a 103 C-terminal

HIS tag was cloned and expressed, as previously described for FcgIIA.32

The secreted protein was purified from the supernatants of transfected cells

by using affinity chromatography with the Cobalt column (catalog no.

28953766; GE Healthcare, Chicago, Ill), followed by gel-filtration fraction-

ation with the Superdex 200-pg 16/600 column (GE Healthcare). Peaks corre-

sponding to 25 kDa were kept and further concentrated by using a 10-kDa

Amicon Ultra protein concentrator (catalog no. ACS501024; Merck-

Millipore, Burlington, Mass).

Production and purification of antibodies
Pertuzumab and trastuzumab VH1–VH7 IgE variants were produced by

means of cotransfection, as previously performed.30-32,36 Affinity purification

was carried out with the Protein L column, followed by size exclusion chroma-

tography fractionation with the Superdex 200-pg 16/600 column (GE Health-

care) to extract monomeric fractions, which were further concentrated by

using a 100-kDa Amicon Ultra protein concentrator (catalog no.

ACS510024; Merck-Millipore). Size exclusion chromatography figures

were generated from Unicorn 6.0 software (GE Healthcare), with lines thick-

ened for visibility by using GIMP 2.9.4 software.

Biolayer interferometric studies
Measurements of the association and dissociation rates of the antibodies to

spA were carried out by means of direct binding of antibodies at concentra-

tions from 100 to 6.25 nmol/L by using Protein A biosensors (catalog no. 18-

5010; ForteBio, Fremont, Calif).

Measurements of pertuzumab IgE variants to Her2 were carried out by

loading Her2 on an Ni-NTA biosensor, followed by IgE binding, as

previously described.30-32,36,37 Measurements toward FcεRIa were per-

formed in the same manner, as previously described.32 Measurements of

association and dissociation rates of omalizumab to pertuzumab variants

were performed with omalizumab preloaded to Anti-hIgG-Fc Capture bio-

sensors (catalog no. 18-5060; ForteBio), followed by exposure to recom-

binant pertuzumab antibodies in concentrations ranging from 200 to

12.5 nmol/L.

All measurements were performed with serial dilutions by using the 13
kinetic buffer (catalog no. 18-1092; ForteBio) on the Octet RED96 system

(catalog no. 30-5051; ForteBio). All kinetic readings (equilibrium dissociation

constant [KD], association constant [ka], and dissociation constant [kd]) were

generated by using Octet data analysis software 10.0, and graphs of the

representative set from 3 independent repeats were plotted by usingMicrosoft

Excel 2010 (Microsoft, Redmond, Wash). KD and errors for KD, ka, and kd

were calculated automatically by the software, where KD 5 kd/ka.

Computational binding analyses of spA and

trastuzumab/pertuzumab VH regions
Binding simulations of spA (Protein Data Bank [PDB]: 1DEE_chain G)

and VH regions of trastuzumab (PDB: 1N8Z_chainB) and pertuzumab (PDB:

1S78_chainD) were performed by using the HADDOCK2.2 Web server.38 As

reported in Graille et al,21 interfacial residues of spA (Q19, G22, F23, Q25,

S26, D29, D30, Q33, N36, E40, and L44) and VH (G15, S17, R19, K58,

Y60, K65, G66, R67, T69, S71, Q82, N84, and S85) were used as interacting

residues for docking.

To first evaluate HADDOCK 2.2 reproducibility for our purposes, we used

the structure of IgMFab and the spA complex (PDB: 1DEE) for initial docking.

Individual structures of IgMFab and spA were separated and redocked at the

interface. Because HADDOCK was able to reasonably reproduce the original

binding mode of spA and IgMVH (at the highest ranked cluster and the highest

score), we proceededwith the subsequent docking of spA to the 2VH variants.

To estimate the lower bound docking scores of the nonbinder, we performed

docking of spA to the light chain of the IgMFab (1DEE_chain A) and used it

as a negative reference result (because spA only binds to the VH

region).21,39,40

The 4 best-docked structures of each antibody/spA complex that resulted

in similar binding modes (as aligned to the reference structure 1DEE) were

retrieved and minimized by using GROMACS 4.6.7.41 Binding energies

were estimated by using the ‘‘gmmpbsa’’ package42,43 for all minimized

structures.

Structural modeling of full-length unbound

trastuzumab and pertuzumab IgE variants
Models of full-length trastuzumab and pertuzumab IgEs were constructed

by using scaffolds of a full-length unbound IgE bent structure (kindly provided

by Professor Carmay Lim, Academia Sinica, Taipei, Taiwan). From this

scaffold template, we performed computational mutagenesis (with

SCWRL444) for the light chains (ie, trastuzumab using PDB: 1N8Z_chainA

and pertuzumab using PDB: 1S78_chainC) and the VH regions of variants

VH1–VH7. We performed energy minimization and equilibration (1 ns) in

the explicit solvent with sequential NVT (constant Number of particles, Vol-

ume, and Temperature) and NPT (constant Number of particles, Pressure, and

Temperature) ensembles using GROMACS 4.6.741 for all model structures.

Allosteric communication between the VH and

FcεRIa/omalizumab-binding regions
Allosteric communications between the Fab and Fc regions were quantified

by using the AlloSigMA server,45 which had previously successfully quanti-

fied allosteric communications in various benchmarked allosteric-involved

functional proteins.45,46 Allosteric communications were estimated based on

residual responses to perturbations at the site of interest. To detect the under-

lying allosteric mechanism that led to different FcεRIa-binding abilities

among the various VH variants, we focused on communications between

the VH region and the FcεRIa-binding site in the Fc region.

We first initiated perturbations at the different VH FWR regions that

distinguished the VH1–VH7 variants from the original VH3 sequence

(underlined residues are shown in Fig 1; ie, assigning them as the ‘‘down’’ mu-

tation in the AlloSigMA server45 to simulate the alanine mutagenesis at these

regions), followed by calculating the allosteric responses at the FcεRIa-bind-

ing site (DgFcεRIa) or at the omalizumab-binding site (DgOmalizumab). The

FcεRIa-binding site involved residues R334 and D362 of chain A and residue

P426 of chain C in the Fc region, and the omalizumab-binding site involved

residues S375, R376, S378, K380, E414, Q417, R419, R427, and M430 of
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both chains A and C. For comparison purposes, similar perturbations and cal-

culations were performed on respective different regions of the VH3 variant

and used as the reference.

RESULTS

Effect of VH FWRs on FcεRIa binding
We produced all 7 VH1–VH7 family variants of pertuzumab

IgE and collected only the corresponding monomeric fractions
(green line in Fig E2 in this article’s Online Repository at www.
jacionline.org) for further analysis. Although some small shoul-
der peaks were observed (see Fig E2), we did not observe any sig-
nificant aggregation patterns associated with any specific VH
family variants. Minor batch variations were observed, although
this was expected of transient transfection batches, which is a
widely used method for producing biologics up to the preclinical
stage.47 For the trastuzumab IgE variants, only VH3, VH5, and
VH7 family variants were produced in sufficient quantities for
cross-checking experiments on FcεRIa.

All 7 pertuzumab IgE variants interacted strongly with the
biosensor preloaded with Her2 (Fig 2), with the VH2 variant ex-
hibiting the highest KD (weakest interaction). This finding was
consistent with the pattern observed in our previously published
data32 on IgG1 with the same V-regions, noting that in our previ-
ous IgG1 experiment, pertuzumab VH2 IgG1 had very poor re-
sponses.32 Pertuzumab VH5 IgE variant had a lower
dissociation rate constant and thus the lowest KD
(0.23 3 10210 mol/L, strongest interaction) to its antigen Her2
within the pertuzumab VH IgE panel (Fig 2).

In measurements of pertuzumab IgE variants to FcεRIa (which
binds to the IgE Fc region),48,49 all 7 pertuzumab VH variants in-
teracted expectedly with FcεRIa. The pertuzumab VH5 IgE
variant again exhibited the lowest KD (best interaction) at
0.66 3 10210 mol/L because of its lower dissociation rate con-
stant (Fig 3,A, and see Table E1 in this article’s Online Repository
at www.jacionline.org). Compared with the rest of the pertuzu-
mab VH IgE variants, the VH6 variant had the highest KD (weak-
est interaction) to FcεRIa at 10.6 3 10210 mol/L.

Because we previously demonstrated allosteric communica-
tions between the V- and C-regions on IgAs30 and such an effect
was also reported on IgGs by many other research groups,26-29 we
next sought to study whether such allosteric effects explained the
differences in FcεRIa binding present in our pertuzumab IgE var-
iants. To do this, we computationally modeled the full-length

structures of all the pertuzumab IgE variants and quantified the
allosteric communications between the V- and C-regions by using
the AlloSigMA server (Fig 3, B).45 Our results showed that there
were allosteric communications between the V- and C-regions in
all the pertuzumab IgE variants and that perturbation signaling at
the V-regions could be propagated to the FcεRIa-binding site. As
shown in the pertuzumab VH3 IgE variant, the allosteric commu-
nication contributed to increasing the dynamics at the FcεRIa-
binding site (with DgFcεRIa > 0 in Fig 3, B) and hence the
flexibility of the site. In particular, the most notable patterns of in-
crease were observed in the pertuzumab VH4 and VH5 IgE vari-
ants. This was consistent with experimental measurements in
which our pertuzumab VH5 IgE had the lowest KD to FcεRIa
(shown in Fig 3, A, and see Table E1).

To investigate whether the CDRs influenced FcεRIa binding or
whether the effect was solely due to specific VH FWRs, we
grafted trastuzumab CDRs (which was fairly similar to pertuzu-
mab to narrow down as many confounding variables as
possible)32 into the same VH FWRs to generate trastuzumab
VH family IgE variants paired with the original trastuzumab light
chain. Of the few trastuzumab VH IgE variants (VH3, VH5, and
VH7) that could be produced in useable quantities, we observed a
different KD pattern from the pertuzumab VH IgE variants. In
contrast to the pertuzumab VH5 IgE variant exhibiting the lowest
KD (Fig 3), the trastuzumabVH3 IgEwas the VH variant with the
lowest KD in the trastuzumab panel, although this was followed
by trastuzumab VH5 IgE (Fig 4). This cross-check with pertuzu-
mab IgE showed that the V-region effect on the C-region is eli-
cited not by VH FWRs alone but involved the CDRs and
possibly the light chain V-regions.

Because the binding interfaces between IgE-Fc to FcεRIa
and to omalizumab shared a few neighboring residues (eg,
P426 and R427 of chain C),9 we next investigated whether the
effect extended to omalizumab binding. Using our in-house re-
combinant omalizumab (synthesized based on a previous
report5), we found no significant differences in KD values of
the omalizumab interaction to all 7 variants of pertuzumab
IgE (Fig 5, A). Furthermore, computational quantification of
allosteric communications between the VH FWR and the
omalizumab-binding site (Fig 5, B) showed differing responses
from those of the FcεRIa-binding site. Unlike FcεRIa binding
(which occurs asymmetrically50), omalizumab binding in-
volves 2 Fab domains that bind symmetrically to the IgE Fc
region (illustrated in Figs 3, B, and 5, B). This implies that

FIG 1. Sequences of the pertuzumab IgE variants VH1 to VH7. Different FWR residues are shown in boldface

and underlined with reference to VH3. All variants shared the same CDR sequences shown in the boxes. The
S58 residue, which played a role in disrupting spA binding, is shaded in the CDR2 sequence. The same

manner of grafting was also used for trastuzumab VH family variants.32
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the propagated signaling might have been more balanced and
distributed between the 2 omalizumab-binding sites, resulting
in insignificant varying responses to the omalizumab binding
among the variants, as observed by using experimental mea-
surements (Fig 5, B).

Effect of VH FWRs on spA binding
The superantigen spA was previously reported to bind specif-

ically only to VH3 family antibodies21-24; however, none of our
pertuzumabVH IgE variants (including the original VH3 pertuzu-
mab sequence) interacted with spA (see Fig E3 in this article’s
Online Repository at www.jacionline.org). On the other hand,
spA interacted strongly with our recombinant trastuzumab VH3
IgE variant, which had a similar FWR of the same VH3 family
while also sharing the same Cε.

To further investigate the spA and VH interaction21,39,40 that is
independent of the light chain40 or the constant heavy chain 1
domain,51 we used the 2 available IgG1

Fab crystal structures of
trastuzumab (PDB: 1N8Z chain B) and pertuzumab (PDB:
1S78 chain D) to simulate interactions with spA. The structure
of the IgMFab/spA complex (PDB: 1DEE) was used as a template.
The best 4 structures of each resulting docked complex deter-
mined by using the HADDOCK2.2 server (which obtained
similar binding modes to those in the referenced 1DEE struc-
ture)38 were retrieved and found to agree with our experimental
findings (Fig 6, A). As shown in Fig 6, B, spA interactions with

pertuzumab VH3 region had scores that overlapped with those
of the nonbinder (which is a biased docked complex of spA and
IgMVL).

The 3 VH regions (trastuzumab, pertuzumab, and the reference
structure 1DEE) shared 12 of 13 identical residues at the spA-
binding interface, except for the residue S58 in pertuzumab,
which was uncommon among the known VH3 family germline
sequences.21 A point mutation at this position was previously re-
ported40 to disrupt spA binding because of opposite-charge repul-
sion from K58E. Nonetheless, this position was considered
noncrucial and even mutation affordable21 for spA binding with
the other coexisting interacting residues in VH FWR1 and VH
FWR3.40 In our experiments, this residue (S58, located in the
VH CDR2) was the only differing residue in the spA-binding re-
gion among the 3 antibody models (Fig 6, C), and although tras-
tuzumab (with T58) could elicit spA binding (a conclusion made
on structural alignment to the reference structure 1DEE with
K58), the S58 residue alone in pertuzumab likely abrogated
spA binding (Fig 6, A and B).

Electrostatic potential map of the interacting interfaces
(Fig 6, D)52,53 of the IgMFab/spA complex (PDB: 1DEE) regions
showed the predominant electrostatic interaction, with positive
charges on the VH surface. This positive potential (>0 kT/e)
was also observed for the trastuzumab interface. However,
when analyzing the pertuzumab VH3 surface, negative potential
was spotted around the S58 residue (observed in all the 4 best
docked complexes), which possibly repelled the spA binding.

FIG 2. Biolayer interferometry measurements of pertuzumab VH IgE variants interacting with Her2.

Antibodies at different concentrations were bound to the Her2 preloaded on Ni-NTA biosensors. KD, ka,

and kd values were measured and calculated by using the Octet RED96 system. The x-axis depicts the time

in seconds, and the y-axis depicts the response in nm.
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In measurement of residue-wise contribution to total binding en-
ergy (Fig 6, C), residue S58 was less likely to contribute to the
binding, whereas the other 2 antibody VH surfaces had more
contributing residues.

DISCUSSION
We sought to explore the effect of IgE VH FWRs on FcεRIa,

Her2, anti-IgE omalizumab, and spA binding by using anti-Her2
pertuzumab CDRs. Pertuzumab was used as a model because it is

FIG 3. Interactions of pertuzumab VH IgE variants with FcεRIa. A, Biolayer interferometry measurements of

pertuzumab VH IgE variants (VH1–VH7 at different concentrations) to FcεRIa preloaded on Ni-NTA biosen-

sors. KD, ka, and kd values were measured and calculated by using the Octet RED96 system. B, Quantified

allosteric communications between different VH FWRs and the FcεRIa-binding site. Structural surface pre-

sentation of the pertuzumab IgE VH3 variant is shown with highlighted VH FWRs (red) and the FcεRIa-bind-

ing site (blue). For illustration purposes, the FcεRIa domain (presented in orange) was placed near the

FcεRIa-binding site by superimposing the full-length IgE model with the bound IgEFc/FcεRIa complex struc-

ture (PDB: 2Y7Q).
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awell-studied therapeutic antibody and for its potential in allergo-
oncology.

To study the effects of VH family FWRs, representative FWR
germline sequences of VH1–VH7 with the exception of VH3
(using the original pertuzumab VH3 sequence) were used. Within
the VH variants, all variants exhibited expected association and
dissociation rates to Her2, with the exception of the pertuzumab
VH2 IgE variant, which had weaker binding properties to Her2.
Nonetheless, this was expected because it was of a similar trend to
our previous data on IgG1

32 using the same V-regions.
In production of the recombinant representative VH family

pertuzumab IgE variants, we also investigated whether VH FWRs
would lead to different aggregation patterns and thereby exhibit
possible monomeric activation of allergic effect cells (ie, the
‘‘cytokinergic effect’’), as reported for the rodent IgE SPE7.4

Based on our size exclusion chromatography results of the puri-
fied pertuzumab IgE variants, we did not find notable aggregation
trends for any of the VH family representatives in our purification
conditions, nor was there evidence for natural polymerization as
in the case for IgM.31,54

Our previous work on IgG1
32 showed the VH family FWRs to

have effects on FcgRIIA. To determinewhether VH family FWRs
have the same effect on IgE to FcεRIa, which has clear implica-
tions on type I hypersensitivity and engineering of IgE therapeu-
tics, we found such an effect in 1 of 10 of our recombinant IgEs.
Our pertuzumab VH5 IgE variant exhibited the lowest KD value
to FcεRIa with the slowest dissociation among the pertuzumab
variants, but this was not solely due to the VH FWRs because
such effects were absent for our trastuzumab VH5 IgE. Both

the trastuzumab VH3 and VH5 variants exhibited similar KD
values, with little difference between the VH FWRs within the
panel. Thus differences between the 2 VH3 IgE variants suggest
FcεRIa engagement on the C-region to be an effect arising from
both CDRs and FWRs or the whole VH, if not the whole V-region
involving both the heavy and light chains. From this, we propose
that the presence of such persistent IgEs with V-regions that
extended FcεRIa engagement in patient repertoires might be an
underlying IgE-mediated allergy pathogenesis, depending on
the antigen and specificity of such IgEs.

We speculate the prolonged interaction to FcεRIa to lead to the
emergence and overpresentation of these persistent IgEs against a
heterogeneous microenvironment of higher dissociative IgEs by
simply being more persistent. Given that such effects are likely
due to a combination of factors within the V-regions of IgE rather
than specific VH FWRs, it would be difficult to predict what type
of persistent IgE might become the dominant type in the local
environment. Thus future allergen-specific IgE studies and engi-
neering of therapeutic IgEs would benefit from analyzing specific
IgEs as a whole rather than as a sum of regions or domains.55

Although we were able to artificially create a more persistent
IgE with V-regions that augmented FcεRIa engagement in the
rare pertuzumab VH5 IgE (the only of 10 recombinant IgEs we
produced), the discovery for such a patient-derived IgE would
certainly change the understanding of the role of IgE V-regions
in allergy pathogenesis.

The effect of the pertuzumab VH5 variant on FcεRIa
engagement, which is independent of engagement with omalizu-
mab, also has implications for anti-IgE treatment. Because high

FIG 4. Biolayer interferometry measurements of trastuzumab VH IgE variants with FcεRIa. Trastuzumab VH

IgE variants (VH3, VH5, and VH7 at different concentrations) to FcεRIa preloaded on Ni-NTA biosensors were

measured. KD, ka, and kd values were calculated by using the Octet RED96 system. The other trastuzumab

VH IgE variants (VH1, VH2, VH4, and VH6) were not produced in measurable quantities.
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FIG 5. Interactions of pertuzumab VH IgE variants with anti-IgE antibody (omalizumab). A, Biolayer interfer-

ometry measurements of pertuzumab VH IgE variants (VH1–VH7 at different concentrations) to omalizumab

preloaded on Anti-hIgG-Fc Capture biosensors. KD, ka, and kd values were measured and calculated by us-

ing the Octet RED96 system. B, Quantified allosteric communications between different VH FWR regions

and the omalizumab-binding site. Structural surface presentation of the pertuzumab IgE VH3 variant is

shown with highlighted VH FWRs (red) and the omalizumab-binding site (green). For illustration purposes,

the omalizumab Fab domains (presented in orange and yellow) were placed near the omalizumab-binding

site by superimposing the full-length IgE model with the bound IgEFc/omalizumab complex structure (PDB:

5HYS).
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concentrations of omalizumab were reported to dissociate the
preformed IgE-FcεRIa complex in vitro and slowly ex vivo,8 low
dissociating FcεRIa-bound persistent IgE might yet be more
resistant than IgEs of other VH families.

Within a closed energy system, the modulating allosteric
communication (Fig 3, B) between the FcεRIa-binding site and
pertuzumab VH5 FWRs would be a compensation to the
increased flexibility conferred by VH5 FWRs at V-regions.
Interestingly, V-region flexibility was constrained by the other
arm of the V-region because of asymmetric bending in IgE50

induced by FcεRIa binding. This resulted in an overall less

flexible IgE structure, a finding previously discussed by Holdom
et al.50 We found this compensation phenomenon to be present
in all our pertuzumab VH variants (see Fig E4 in this article’s
Online Repository at www.jacionline.org). In addition, disrupt-
ing sites in VH FWRs (eg, mutating to alanine) rendered the
FcεRIa-binding site more flexible, showing that VH FWRs
contribute to stabilizing the FcεRIa-binding site and hence
facilitate and maintain the interaction. This trend of effects in
which VH regions modulated FcεRIa binding (Fig 3, A) was
observed in all our pertuzumab VH variants in varying extents
(Fig 3, B).

FIG 6. Analyses of spA binding to trastuzumab and pertuzumab VH regions.A, Results of spA binding to the

2 IgE antibodies. B, Computational docking scores showed the pertuzumab VH to have similar results with

those of the nonbinder. C, Contribution of interfacial residues on total binding energy of the 3 antibody VH

regions with spA. D, Electrostatic potential map of the interfaces of spA and those of the 3 antibody VH re-

gions. Electrostatic surfaces were generated by using PyMOL52 and the APBS plugin. An augmented reality

presentation of the IgMFab/spA complex (PDB: 1DEE) could be viewed using our ‘‘APD AR Holistic Review’’

app available on both Google and Apple app stores (for more details see Poh et al53).
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Given reports that the presence of Staphylococcus aureus is
associated with allergic rhinitis,56,57 there were hypotheses that
superantigen, such as spA, by S aureus or other colonizing micro-
organisms might activate polyclonal IgE.58-60 Given our observa-
tions of pertuzumab VH5 IgE, it would certainly be exciting
whether IgEs with such V-regions could interact nonspecifically
with superantigens. Apart from being a known superantigen to
activate mast cells,22 spA has also been exploited for antibody pu-
rification industrially.20 Nonetheless, we did not find any of our
pertuzumab VH IgE variants to bind spA (see Fig E3), including
our pertuzumab VH3 variant. This was in contrast to our recom-
binant trastuzumab IgE of original VH3 FWRs, which interacted
with spA (Fig 6, A). Taking into account our results that were
congruent with previous reports that spA did not bind IgE
Fc,61,62 our analysis of the sequence and structural models
showed the pertuzumab VH3 IgE to be slightly different from
the known binding VH3 through its distinct residue S58 located
at VH CDR2, which repelled spA at the interface.39 Because
the mutation was within VH CDR2, which is likely to have a
smaller effect on antigen binding than VH CDR3,63 there is min-
imal disruption to using optimized VH3 FWRs in biotechnolog-
ical manufacturing. Thus there is the option to engineer spA
binding properties in recombinant antibodies, whether it be for
purification (using trastuzumab VH3 FWR in grafting) or to
abolish spA binding for therapeutic purposes (using the pertuzu-
mab CDR2 mutation). This finding is of value to the biotech in-
dustry given that VH3 FWRs were found to yield higher
antibody production rates.32,64,65

Our findings of trastuzumab IgE binding to spA (Fig 6, A)
brings caution to the use of trastuzumab IgE in allergoncology66

because of its potential nonspecific activation elicited by spA,
particularly in mucosal regions that might have exposure to spA
from S aureus,14,60 leading to possible anaphylaxis. Thus, with
spA therapy (in clinical trials for immune thrombocytopenia
and rheumatoid arthritis),67 care must be taken that any accompa-
nying therapeutic antibody should be engineered to prevent
interactions.

On this aspect, pertuzumab (also of VH3 origin) might be a
better candidate for Her2-targetted allergo-oncology than trastu-
zumab, especially when targeting mucosal areas (whereas blood
and many internal organs are typically free of microorganisms
and their proteins). Regardless, the promise of therapeutic IgE
antibodies68 is still great and exciting, and although the findings
here raised some cause for concern, a potential solution of modi-
fying S58 is also proposed.

In conclusion, we have shown a possible effect of increasing
FcεRIa interaction by IgE caused by the VH regions through a
possible underlying allosteric communication between the V- and
C-regions. In addition, we have also characterized VH family–
associated effects on antigen/superantigen binding that is relevant
to the design of IgE therapeutics.

The molecular dynamics simulations of all the pertuzumab IgE VH variants

were performed on the petascale computer cluster ASPIRE-1 at the National

Supercomputing Center of Singapore.

Clinical implications: IgE-VH family effects were found for
FcεRIa but not omalizumab interactions, with a possible role
in allergy. On allergo-oncology therapeutics, designing non–
spA-binding IgEs might be necessary for clinical safety.
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FIG E1. Sequence alignments of trastuzumab and pertuzumab variable heavy chains (HC) and light chains

(LC). CDRs are shown in boldface, with asterisks highlighting the identical residues between the 2 variant

CDRs.
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FIG E2. Size exclusion chromatography profiles of pertuzumab VH IgE variants using the Superdex S200

size exclusion column after affinity purification (Protein L column) with the AKTA Pure system. x-axis, Forty-
to 100-mL time scale; y-axis, mAU absorption, as determined by using UV detection. Green horizontal line

on the x-axis indicates the fractions collected.
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FIG E3. Biolayer interferometry measurements of pertuzumab VH IgE variants interacting with spA.

Interactions (KD, ka, and kd) of pertuzumab VH IgE variants and trastuzumab VH3 IgE at concentrations from

100 to 12.5 nmol/L concentrations to protein A biosensors were measured and calculated by using the Octet

RED96 system. The x-axis depicts time in seconds, and the y-axis depicts responses in nm.
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FIG E4. Allosteric communication between VH FWRs and the FcεRIa-binding site on pertuzumab IgE

variants (except the wild-type VH3). Structural representatives of the variants are presented in surfaces and

colored based on the allosteric responses (shown in Fig 3, B) compared with the pertuzumab IgE VH3.

FcεRIa is shown in orange for illustration purpose by superimposing the full-length IgE model with the

bound IgEFc/FcεRIa complex structure (PDB: 2Y7Q).
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TABLE E1. Three independent measurement sets of binding kinetics of FcεRIa to IgE variants

Pertuzumab VH1-IgE Pertuzumab VH2-IgE Pertuzumab VH3-IgE Pertuzumab VH4-IgE Pertuzumab VH5-IgE Pertuzumab VH6-IgE Pertuzumab VH7-IgE

KD 10210

(mol/L)

ka 105

(1/Ms)

kd 1025

(1/s)

KD 10210

(mol/L)

ka 105

(1/Ms)

kd 1025

(1/s)

KD 10210

(mol/L)

ka 105

(1/Ms)

kd 1025

(1/s)

KD 10210

(mol/L)

ka 105

(1/Ms)

kd 1025

(1/s)

KD 10210

(mol/L)

ka 105

(1/Ms)

kd 1025

(1/s)

KD 10210

(mol/L)

ka 105

(1/Ms)

kd 1025

(1/s)

KD 10210

(mol/L)

ka 105

(1/Ms)

kd 1025

(1/s)

Rep 1 4.33 2.10 0.91 6.67 1.42 9.49 2.55 2.21 5.65 2.21 2.36 5.19 0.42 1.90 0.80 4.08 1.70 6.94 5.52 1.39 7.66

Rep 2 5.06 2.02 1.02 5.46 1.55 8.46 3.18 2.23 7.08 1.59 3.85 6.11 0.09 2.23 0.21 5.75 1.35 7.74 2.35 2.60 6.11

Rep 3 4.91 2.52 1.24 5.22 2.13 11.2 2.60 2.81 7.31 4.92 2.01 9.89 0.66 1.63 1.07 10.6 1.13 12.1 3.58 2.56 9.17

Average 4.77 2.21 1.06 5.78 1.70 9.72 2.78 2.42 6.68 2.91 2.74 7.06 0.39 1.92 0.69 6.81 1.39 8.93 3.82 2.18 7.65

The boldface values are the reference values from Pertuzumab VH3-IgE. The underlined values highlight the variants VH5 and VH4 for comparison which are of interest to compare to the reference (VH3). Ms, Molarity 3 second.
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