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ABSTRACT
IgG-based anti-cancer therapies have achieved promising clinical outcomes, but, especially for patients 
with solid tumors, response rates vary. IgE antibodies promote distinct immune responses compared to 
IgG and have shown anti-tumoral pre-clinical activity and preliminary efficacy and safety profile in clinical 
testing. To improve potency further, we engineered a hybrid IgE-IgG1 antibody (IgEG), to combine the 
functions of both isotypes. Two IgEGs were generated with variable regions taken from trastuzumab (Tras 
IgEG) and from a novel anti-HER2 IgE (26 IgEG). Both IgEGs expressed well in mammalian cells and 
demonstrated IgE-like stability. IgEGs demonstrated both IgE and IgG1 functionality in vitro. A lack of type 
I hypersensitivity associated with IgEG incubation with human blood is suggestive of acceptable safety. In 
vivo, IgEGs exhibited distinct pharmacokinetic profiles and produced anti-tumoral efficacy comparable to 
IgE. These findings highlight the potential of IgEG as a new therapeutic modality in oncology.
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Introduction

Monoclonal antibodies (mAbs) have revolutionized treatment 
for cancer, with significantly improved outcomes achieved in 
some malignancies. Almost all currently approved mAbs are 
IgGs, with the majority being of the IgG1 subtype.1 Beneficial 
attributes of IgG1 antibodies include long serum half-life 
(around 23 days) and the ability to activate the immune system 
via a plurality of effector functions, i.e., antibody-dependent 
cell-mediated cytotoxicity (ADCC) or phagocytosis (ADCP) 
and complement-dependent cytotoxicity (CDC).2,3 While 
IgG1-based therapies can provide improved outcomes for 
some patients, treatment responses are highly variable.4 Anti- 
tumoral responses elicited by IgG1 may be hampered by the 
immunosuppressive tumor microenvironment (TME), where 
immune cells may have impaired effector functions and 
expression of inhibitory FcγRIIb.5,6 Furthermore, affinity- 
reducing polymorphisms of FcγRII/IIIA in patients are gen
erally linked to lower responses and poor treatment 
outcomes.7,8 Fc engineering to enhance FcγR-binding of ther
apeutic IgG1s has been utilized with the aim to improve the 
overall treatment responses. However, the overall survival 
benefits provided by Fc-modified IgG1 when compared to 
unmodified therapies have been negligible.9–11 Therefore, 
there remains a substantial unmet clinical need for enhanced 
cancer therapeutics.

Considering these limitations and the complexity of the 
immune landscape within the TME, optimal responses may 

additionally require activation of a different arm of the 
immune system. IgE antibodies bear unique features to those 
of IgG. These include a lack of inhibitory Fc receptors and 
a high affinity for cognate FcεR on certain immune effector 
cells such as mast cells and alternatively activated macrophages 
which occupy the TME.12–15 IgE engagement with 
FcεR-expressing cells can promote potent anti-tumor func
tions and immune surveillance.15–19 Together, these properties 
may be beneficial if directed against antigens on solid tumors. 
We have previously reported that IgE-based anti-cancer thera
pies show significant Fc-mediated anti-tumor functions 
in vitro and reduce tumor burden in preclinical models of 
melanoma, breast and ovarian cancer.16,18–22 The first-in- 
class Phase 1 clinical trial of the IgE antibody, MOv18 IgE, 
has demonstrated good tolerability and signs of efficacy in 
patients with ovarian cancer.23 This success has led to the 
progression of MOv18 IgE to a Phase 1b clinical trial 
(NCT06547840), as well as substantial investment in develop
ing IgE as a modality for the treatment for various other 
cancers.

Reasoning that mobilizing both IgG1 and IgE driven 
immune responses against a single epitope on a tumor- 
associated antigen might further improve anti-tumor 
responses, we engineered an antibody that combines IgE- 
IgG1 functionality (IgEG). In this study, we incorporated the 
variable domains (Fv) of the anti-HER2 mAb trastuzumab 
into the IgEG scaffold and evaluated its anti-tumor potential
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using trastuzumab IgG1 and trastuzumab IgE as controls. 
We assessed the expression and stability of trastuzumab 
IgEG (Tras IgEG) and characterized its biophysical proper
ties and functional profile in vitro. We further evaluated the 
pharmacokinetic properties of IgEGs and their in vivo effi
cacy in a medium/low (Herceptest 2+) hHER2-expressing 
human breast cancer xenograft model. We investigated 
whether IgEGs trigger type I hypersensitivity reactions ex 
vivo to provide a first indication of safety. We determined 
whether IgEGs retain their in vitro and in vivo properties 
when their variable domains are taken from an alternative 
anti-HER2 antibody (clone 26). Finally, we assessed the anti- 
tumor efficacy of 26 IgEG compared to its IgE and IgG 
counterparts in an in vivo dose–response study.

Overall, this study builds on our prior findings for IgE- 
based therapeutics to explore the therapeutic potential of 
a novel therapeutic antibody class that combines IgE and 
IgG1 functions.

Results

Novel IgEG antibody can be produced at high quality and 
shows good stability

We engineered a novel IgE-IgG1 hybrid antibody (IgEG), 
consisting of a full-length IgE connected to an IgG1 Fc- 
region through an IgG1 hinge (Figure 1a). As the first 
cysteine of the IgG1 hinge (C220), which usually pairs 
with a cysteine in the light chain,24,25 remained free, we 
substituted it with a serine to avoid potential aggregation 
or misfolding.

As proof-of-principle of this new antibody class we engi
neered and produced an IgEG with variable regions taken 
from the well-characterized anti-HER2 mAb trastuzumab 
(Tras) (Figure 1a). Tras IgG1 was commercially sourced and 
Tras IgE was produced as described. Sodium dodecyl sulfate- 
polyacrylamide electrophoresis (SDS-PAGE) under non- 
reduced conditions shows fully assembled Tras IgG1, IgE 
and IgEG at the predicted sizes of around 150, 190 and 255 
kDa, respectively (Figure 1b, lanes 1–3), with no degradation 
products. Under reduced conditions, the heavy chain for 
IgG1, IgE and IgEG is observed at around 55, 75 and 105 
kDa, respectively, with the light chain for all three antibody 
constructs at around 25 kDa (Figure 1b, lanes 4–6). All three 
constructs exhibited a high monomer content (>98%) and 
absence of aggregates or degradation products (size- 
exclusion chromatography, SEC-HPLC, Figure 1c). 
Differential scanning fluorimetry (DSF) revealed a similar 
melting temperature profile for Tras IgEG compared to 
Tras IgE, but different to that of Tras IgG1 (Figure 1d). 
Tras IgEG stored for 6 weeks at 4°C, followed by one freeze- 
thaw cycle at −20°C or −80°C, showed no signs of aggregation 
or degradation by SEC-HPLC (Figure 1e). Affinity of the 
differently stored aliquots to human HER2 (hHER2) by sur
face plasmon resonance (SPR) was unaffected (Figure 1f, 
Supplementary Figure 1B). These findings confirm the gen
eration of an intact IgEG antibody construct, at high purity 
and with a good stability profile.

Trastuzumab IgEG displays dual IgE and IgG1 isotype 
characteristics and functionality in vitro

Biochemical characterization by SPR showed that the affinity 
of Tras IgEG to hHER2 is comparable to that of Tras IgG1 and 
Tras IgE (Figure 2a, Supplementary Figure S2A). Affinities of 
Tras IgEG to FcγRI and FcεRI were also equivalent to Tras 
IgG1 and IgE, respectively (Figures 2b,c, Supplementary 
Figure S2B). As expected, no binding of Tras IgG1 to FcεRI, 
or Tras IgE to FcγRI, was observed (Figures 2b,c). Tras IgEG 
retained the ability of IgG1 to bind to C1q (Supplementary 
Figures S2C, 2D). Cell surface binding of the Tras constructs to 
hHER2-expressing SKBR3 cells, hFcγR-expressing primary 
natural killer (NK) cells and hFcεRI-expressing RBL-SX38 
cells concurred with the SPR results (Figure 2d, 
Supplementary Figure S2E).

In line with these observations, Tras IgEG triggered FcεRI- 
mediated degranulation of RBL-SX38 cells, upon crosslinking 
with SKBR3 cells to a similar level as Tras IgE (Figure 2e). 
Furthermore, levels of primary NK cell-mediated ADCC 
(Figure 2f), and healthy volunteer peripheral blood mononuc
lear cells (PBMC)-mediated total killing (Figure 2g) of SKBR3 
cells, was comparable between Tras IgEG and Tras IgG1.

Together these data demonstrate the intended dual-isotype 
functional attributes of Tras IgEG.

Trastuzumab IgEG shows a distinct pharmacokinetic 
profile and potent anti-tumoral activity in vivo

IgE antibodies have been shown to have a short serum half-life 
(2–3 days) in humans. Lack of binding of IgE to the neonatal 
Fc receptor (FcRn) is one of the reasons for this fast clearance 
from the circulation.26 Having confirmed that Tras IgEG pos
sesses both IgE and IgG functionality through binding Fcε and 
Fcγ receptors, we reasoned that the molecule may also bind to 
FcRn in a pH-dependent manner, thereby influencing its 
serum half-life (Suplementary Figure S3A).

SPR analyses confirmed the affinity of Tras IgEG to hFcRn 
at pH 6.0 was equivalent to Tras IgG1. As expected, Tras IgE 
lacked hFcRn binding at pH 6.0 and no binding was observed 
for any of the three isotypes to hFcRn at pH 7.4 (Figure 3a, 
Supplementary Figure S3B). To determine the pharmacoki
netic profile of Tras IgEG in comparison to its IgG1 and IgE 
counterparts, an FcRn humanized (hFcRn+/mFcRn- Tg32 
SCID) mouse model was used. First, an initial assessment 
using a typical IgG1 blood sampling schedule was performed 
(Supplementary Figure S3C). Subsequently, sampling sche
dules were optimized and carried out to best evaluate the 
pharmacokinetic profile of individual constructs (Figure 3b, 
Supplementary Figure S3D). In contrast to Tras IgG1 and Tras 
IgEG, the terminal half-life of Tras IgE could not be deter
mined due to fast clearance, therefore Tras IgE half-life was 
manually calculated using all data points. Tras IgEG showed 
a significantly elongated serum half-life compared with Tras 
IgE, albeit with a shorter half-life compared to Tras IgG1 
(Figure 3c).

To assess the Fc-mediated anti-tumoral activity of IgEGs 
in vivo, we utilized a JIMT-1 human breast cancer xenograft
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model. JIMT-1 cells are known to be resistant to the Fab- 
mediated effects of trastuzumab,27 and feature medium/low 
HER2 (Herceptest 2+) expression levels. We first confirmed 
cell-surface binding of Tras IgEG, IgG1 and IgE to JIMT-1 
cells in vitro (Figure 3d) and IgEG and IgE-mediated RBL- 

SX38 degranulation upon crosslinking with JIMT-1 cells 
(Figure 3e). Both IgEG and IgG1 mediated JIMT-1 ADCC by 
human primary NK cells (Figure 3f). Immunodeficient mice 
challenged with JIMT-1 tumors were engrafted with human 
PBMCs and injected biweekly with 120 nmol/kg Tras IgG1,

Figure 1. Design, purity and stability of an IgEG antibody construct. (a) schematic of IgG1 (red), IgE (blue) and IgEG (purple) structure. IgEG consists of the variable 
heavy (dark gray) and the light chains (dark and medium gray) and the complete constant regions of IgE (purple with blue outline), connected to an IgG1 fc-region 
(purple with red outline) through an IgG1 hinge region. (b) SDS-PAGE of non-reduced (lanes: 1–3) and reduced (lanes: 4–6) Tras IgG1, IgE and IgEG. (c) analytical SEC- 
HPLC traces showing high purity and monomer content of Tras IgG1, IgE and IgEG. (d) differential scanning fluorimetry showing similar melting profiles and 
temperatures of Tras IgEG and Tras IgE, which are different to that of Tras IgG1 (n.A.= not applicable). (e) SEC-HPLC chromatograms of Tras IgEG stored for 6 weeks at 4 
°C (blue), followed by one freeze-thaw cycle at − 20 °C (green) or − 80 °C (pink), showing intact constructs and absence of aggregation or degradation. (f) surface 
plasmon resonance (SPR) analysis shows comparable affinity to hHER2 by IgEG following storage under the three conditions above (sensorgrams and KD (M) are 
shown).
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Figure 2. Affinity and in vitro functionality of Tras IgEG. (a-c) SPR sensorgrams and calculated affinities (KD) of Tras IgG1, IgE and IgEG binding to antigen (hHER2, A) and 
to high affinity fc receptors (hFcγri, B; hFcεri, C) (nb = no binding). (d) flow cytometric histograms depicting cell surface binding of Tras IgG1 (red), IgE (blue) and IgEG 
(purple) (52.6 nM) to hHER2-expressing SKBR3 cells, of IgG1 and IgEG to hFcγr+ primary NK cells; and of IgE and IgEG to hFcεri+ RBL-SX38 cells (top row). Matched 
unspecific isotype mAbs (SKBR3) or secondary antibody-only (primary NK and RBL-SX38 cells) used as background controls are shown in gray (bottom row). (e) Tras IgE 
and IgEG, but not IgG1 induce degranulation of RBL- S×38 cells upon target-specific crosslinking by HER2-expressing SKBR3 cells (n = 4). (f) Tras IgG1 and IgEG mediate 
ADCC against SKBR3 cells by primary human NK cells measured both by flow cytometry, by increase in dead cells (DAPI+ SKBR3) (n = 8) and by increase in lactate- 
dehydrogenase (LDH) in co- culture supernatant (n = 5). (g) tras IgG1, IgE and IgEG mediate tumor cell killing of SKBR3 cells by human PBMCs (n = 10). Mean ± SD (E) or 
SEM (f-g) are shown. One way ANOVA (E-G). *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001; ns non-significant.
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Figure 3. In vivo properties of the anti-HER2 targeting Tras IgEG. (a) SPR sensorgrams and calculated affinities (KD) of Tras IgG1, IgE and IgEG binding to hFcrn at pH 6.0 
and pH 7.4 (nb = no binding). (b) schematic of study design to determine pharmacokinetics of Tras IgG1, IgE and IgEG in hFcrn transgenic mice. (c) serum concentration 
of Tras IgG1, IgE and IgEG in hFcrn mice over time, as determined by ELISA (n = 3) (left: mean ± SEM; right: individual mice; lower table: calculated PK parameters. 
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IgE or IgEG (Figure 3g). Significant tumor growth restriction 
was observed following treatment with all three Tras constructs 
in contrast to their corresponding isotype controls (Figure 3h). 
There were no significant differences in efficacy between the 
three trastuzumab isotypes at these high doses (approx. 50–60% 
tumor growth inhibition (TGI)). Furthermore, no overt adverse 
events were observed following treatment with any of the Tras 
constructs (Suplementary Figure S3E).

IgEG retains its characteristics when formatted with 
proprietary anti-HER2 variable domains and is efficacious 
at low doses

Having validated the IgEG modality in a trastuzumab for
mat, we sought to investigate whether these characteristics 
would be retained in an IgEG construct incorporating 
alternative variable domains. For this purpose, we selected 
our proprietary anti-HER2 antibody 26, which was shown 
to be efficacious against HER2-expressing tumors in an IgE 
format.21 Following production and purification, the IgG1, 
IgE and IgEG of antibody 26, displayed the expected size 
and purity (Supplementary Figure S4A and S4B). Binding 
affinities of 26 IgG1, IgE and IgEG to hHER2, FcγRI, FcεRI 
and FcRn, as determined by Octet, were in the expected 
range and concordant with the Tras isotypes 
(Supplementary Figure S4C). Upon crosslinking with 
JIMT-1 cells, 26 IgE and 26 IgEG induced significant RBL- 
SX38 cell degranulation, and 26 IgG1 and 26 IgEG 
mediated significant ADCC by the primary NK cells 
(Supplementary Figure S4D), thus confirming in vitro dual- 
isotype functionality. In agreement with the pharmacoki
netic profile of Tras IgEG, the serum half-life of 26 IgEG in 
FcRn humanized mice was elongated as compared to 26 
IgE (Figure 4a, Supplementary Figure S4E, study design as 
per Figure 3b). Employing the JIMT-1 human breast cancer 
xenograft mouse model, we assessed the efficacy of 26 
IgG1, IgE and IgEG at biweekly doses of 12, 60 or 120  
nmol/kg in vivo (Figure 4b). At the lowest dose (12 nmol/ 
kg), statistically significant tumor growth restriction was 
observed for 26 IgEG and 26 IgE treatment (approx. 
30–40% TGI), whereas 26 IgG1 was not efficacious at this 
dose. At higher doses (60 and 120 nmol/kg) all three iso
types significantly inhibited tumor growth to a similar 
extent (Figure 4c-e; Supplementary Fig. S4F-H). No overt 
adverse events were observed for any of the 26 constructs 
(Supplementary Figure S4G).

These data highlight that IgEGs retain their unique proper
ties when constructed with different Fv regions and that they 

show promising in vivo efficacy against HER2+ tumors, even 
at low doses.

IgEGs show no indication of ex vivo basophil activation in 
human blood

Having demonstrated that IgEGs possess the intended dual- 
isotype functionality, we considered whether they could bind 
to FcγR and FcεR simultaneously. To investigate potential 
simultaneous Fc-receptor binding, a sandwich SPR approach 
was used. There was evidence of low simultaneous binding of 
Tras IgEG when initially bound to FcεRI, followed by FcγRI 
binding. There was negligible simultaneous binding when 
IgEG was initially bound to FcγRI (Figure 5a). Based on 
these findings, an ex vivo whole-blood basophil activation 
test (BAT) was used to determine whether the IgEG construct 
alone could potentially trigger a type I hypersensitivity reac
tion by antigen-independent crosslinking of Fc receptors on 
immune cells (Figure 5b). Activation, assessed by increased 
CD63 expression by CCR3high-SCClow human basophils, was 
observed upon stimulation by three positive immune stimuli 
(anti-FcεRI, anti-IgE and fMLP), but not by Tras IgEG, or its 
IgG1 and IgE counterparts, in any of the human samples tested 
(Figure 5c,d; 10 hVs).

These data provide preliminary indication that IgEGs do 
not pose a material risk for triggering type I hypersensitivity in 
humans.

Discussion

Monoclonal antibodies directed to cancer-associated anti
gens elicit target-specific anti-tumor effects and have been 
implemented as standard of care for several malignancies.7 

Typically, approved mAbs are of the IgG class,1 specifically 
of the IgG1 subtype when activation of the immune system 
is desired. While anti-cancer IgG1 mAbs have improved 
patient outcomes in some cancers, responses are variable 
between patients and between cancers.4,8 The immunosup
pressive environment in the TME,28–30 especially associated 
with significant upregulation of FcγRIIb,6 may dampen 
immune responses mediated by Fc-unmodified and Fc- 
modified IgG1 mAbs. Application of other isotypes for anti- 
cancer mAb therapies, such as IgE, with their ability to 
activate a distinct arm of the immune system, may be 
needed to overcome these limitations. To that end, we 
have previously reported significant Fc-mediated anti- 
tumor functions of IgE in vitro,16,17,22 anti-tumoral efficacy 
in vivo,18–21 and a good safety profile and signs of early

*terminal half-life could not be determined; half-life was calculated manually using all data points). (d) histograms showing cell-surface binding of Tras IgG1 (red), IgE 
(blue) and IgEG (purple) to herceptest 2+ JIMT-1 breast cancer cells (top row). Matched unspecific isotype mAbs used as background controls are shown in gray 
(bottom row). (e) degranulation of RBL-SX38 cells by both Tras IgE and IgEG, but not IgG1, in the presence of HER2-expressing JIMT-1 cells (n = 4). (f) Antibody- 
mediated tumor cell killing of JIMT-1 cells by human PBMCs (n = 4). (g) design of efficacy study in immunodeficient mice challenged with JIMT-1 cells and engrafted 
with human PBMCs. (h) top: significant tumor growth restriction compared to the respective nonspecific isotype control was observed for Tras IgG1, IgE and IgEG, with 
no significant differences observed between the three constructs. Bottom: growth curves for individual animals for each construct (n = 12). Bottom far right: calculated 
tumor growth inhibition (%), as compared to respective isotype controls. Mean ± SD (E) or SEM (C, F, H) are shown. One-way ANOVA (E, F, H: % tumor growth 
inhibition). Two-way ANOVA (H: tumor volume; full statistical results shown in supplementary Figure S3f). *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001; ns non- 
significant.
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Figure 4. In vivo properties of the anti-HER2 targeting 26 IgEG: (a) serum concentration of 26 IgG1, IgE and IgEG in hFcrn mice over time, as determined by ELISA (n = 3; 
left: mean ± SEM; right: individual mice; lower table: calculated PK parameters. *terminal half-life could not be determined; half-life was calculated manually using all 
data points). (b) design of dose–response study in immunocompromised mice challenged with JIMT-1 human breast cancer cells and engrafted with human PBMCs. (c) 
significant tumor growth restriction, compared to untreated animals, was observed for 26 IgE and IgEG at all three doses, but only at the two higher doses for IgG1 
(n = 5–6). (d) significantly greater tumor growth restriction by 26 IgE or IgEG, in comparison to IgG1, at the lowest dose. No differences between constructs were 
observed at higher concentration (growth curves for individual animals treated with each 26 construct are shown in supplementary Figure 4E). (e) calculated tumor 
growth inhibition (%) of the three 26 constructs at 12, 60 and 120 nmol/kg. Mean ± SEM (A, C-E) are shown. Two-way ANOVA (C, D; full statistical results shown in 
supplementary Figure. 4 h). *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001; ns non-significant.
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efficacy of an IgE in ovarian cancer patients.23 Here, we 
aimed to improve efficacy further by combining the bene
ficial traits of IgG1 and IgE in a single antibody molecule. 
Given the often-critical role that specific epitopes play in 

therapeutic antibody performance,31 IgEGs have the unique 
advantage of being able to direct both IgE and IgG immune 
effector functions against the same epitope on a tumor- 
associated antigen. By obviating combination therapy and

Figure 5. Evaluation of simultaneous FcγRI and FcεR binding and basophil activation. (a) SPR analyses to evaluate potential simultaneous binding of IgEG to FcγRI and 
FcεRI. The two approaches used are shown in schematics to the left of the sensorgrams. (b) schematic of basophil activation test (BAT) with binding of positive immune 
stimuli (anti-FcεRI, anti-IgE and fMLP), and potential simultaneous binding of IgEGs to fc γ and ε receptors, leading to crosslinking and basophil activation, as measured 
by cell surface CD63 upregulation. (c) flow cytometric gating strategy and representative flow cytometry plots for positive immune stimuli, and Tras IgG1, IgE and IgEG 
antibodies in the BAT. (d) basophil activation was triggered upon ex vivo stimulation of unfractionated human blood samples with positive immune stimuli, but not by 
Tras IgG1, IgE or IgEG (n = 10). Mean ± SEM are shown.
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thereby eliminating issues around epitope competition, 
IgEGs may enable enhanced potency, simplified dosing 
regimens32 and lowered treatment costs.33,34

In this study, we have demonstrated that stable IgEGs can 
be easily expressed in mammalian cells and purified to a high 
standard using conventional Protein A affinity chromatogra
phy and SEC-HPLC polishing. Biochemical characterization of 
the two anti-HER2 IgEGs confirmed that binding to hHER2, 
FcγRI and FcεRI is comparable to their respective IgG1 and 
IgE counterparts. In vitro, IgEGs triggered FcεR-mediated 
degranulation of RBL-SX38 cells to a similar level as the 
corresponding anti-HER2 IgE isotype. IgEGs also mediated 
significant FcγR-mediated ADCC by NK cells comparable to 
their counterpart IgG1. In contrast to IgEGs, IgE is only able to 
trigger FcεR-mediated immune functions and IgG1 only trig
gers FcγR-mediated immune functions.

An attribute of IgG that is not shared by IgE is its ability to 
bind in a pH-dependent manner to the neonatal Fc receptor 
(FcRn).26 This interaction contributes to the elongated serum 
half-life of IgG.3 The affinity of the anti-HER2 IgEGs to FcRn 
at pH 6.0 was found to be equivalent to that of the correspond
ing IgG1 and, as with IgG1, binding to FcRn was absent at 
physiological pH. This resulted in the significant in vivo elon
gation of serum half-life of IgEGs compared with IgE in 
a human FcRn transgenic mouse model. However, despite 
having equivalent affinities to FcRn, the serum half-life of the 
IgEGs was not extended to the degree seen with the corre
sponding IgG1. A disparity in in vivo pharmacokinetic profiles 
has been described for IgG1s with identical Fc but unique Fab/ 
Fv regions. These disparities have been proposed to stem from 
differences in the distribution of charges on the Fv regions 
which may contribute to interactions with FcRn.35 However, 
in this study, the Fvs of the two IgEGs are the same as those of 
the corresponding IgG1 and they are thus unlikely to be 
responsible for this PK difference.

Differences in glycosylation levels between IgEG and IgG1 
may contribute to differences in clearance from the circulation 
and the consequent differences in PK. The impact of glycosy
lation on blood clearance has previously been demonstrated 
for IgA: removal of glycans that decorate IgA resulted in 
prolonged serum half-life in vivo without negatively impacting 
the tumor-targeting efficacy of the antibody.36,37 Further work 
is thus required to understand the determinants of the PK 
differences between IgEG and IgG1.

Importantly, in this study, we demonstrated the efficacy of 
two anti-HER2 IgEGs in a medium/low HER2 (Herceptest 2+) 
breast cancer xenograft model. Tras IgEG showed comparable 
tumor growth inhibition to Tras IgG1 and Tras IgE upon 
biweekly administration at 120 nmol/kg. With our proprietary 
anti-HER2 mAb 26, we not only corroborated this result at 
120 nmol/kg but also showed that 26 IgEG and 26 IgE statis
tically significantly reduced tumor burden at a low dose of 12  
nmol/kg biweekly, at which dose and schedule 26 IgG1 was 
ineffective. The ability of an IgEG to show dual-isotype func
tionality as demonstrated in vitro did not lead to improved 
tumor growth reduction compared to IgE in this model.

Our findings highlight the promising anti-tumor potential 
of combining IgE and IgG1 functionality in a hybrid antibody 
format but also exemplify the complexity and challenges 

associated with engineering novel modalities like IgEG. 
A key limitation is the lack of in vivo models, that accurately 
represent IgG and IgE biology simultaneously, thereby ham
pering the assessment of the full therapeutic potential of IgEG. 
While existing models may be informative for comparing 
antibodies of the same isotype, they do not support 
a balanced comparison across different isotypes, due to selec
tive enrichment of certain immune cell types. As a platform to 
assess initial efficacy, we used an immunodeficient human 
xenograft mouse model engrafted with human PBMCs. 
While these models provide circulating immune effector cells 
such as monocytes and NK cells for IgE and/or IgG engage
ment, respectively, they cannot adequately recapitulate the full 
range of human immune responses. Limitations include tran
sient and incomplete immune cell engraftment and a lack of 
tissue-resident immune cells in appropriate anatomical 
locations.38 Although human hematopoietic stem cell- 
engrafted models provide more durable and improved recon
stitution of the human immune system, these models are also 
characterized by over- and/or underrepresentation of specific 
cell types.39 Thus, the anti-tumor activity of individual anti
body isotypes may not be appropriately reflected in these 
models and would have equally not provided 
a comprehensive assessment of IgEG’s therapeutic potential.

Notably, most models, including the one used in this study, 
do not support adequate development of human mast 
cells.39,40 These FcεRI-high expressing cells are not only 
important mediators of IgE-driven responses but may also be 
enriched in many TMEs.41 Activation of mast cells via the IgE- 
Fc region of IgEG may be crucial to its mechanism of action; 
thus, their absence may lead to a significant underestimation of 
IgEG’s anti-tumor activity.

These limitations highlight the need for next-generation 
humanized in vivo models that allow for broad and more 
physiologically balanced human immune cell representation. 
This is particularly pertinent for evaluating the efficacy of 
complex hybrid antibodies such as IgEG. The development 
of such models would be instrumental in driving innovation 
for complex therapeutic modalities. They would allow a more 
comprehensive assessment of the full potential of IgEG and 
a more accurate, unbiased comparison of IgG, IgE and IgEG 
effector mechanisms.

Aside from the above, determining synergistic functionality 
for IgEG proved to be challenging in vitro. While we demon
strated that IgEG can engage immune effector cells via FcεR and 
FcγR using conventional in vitro assays, these did not allow 
assessment of potentially enhanced functionality through syner
gism. Such synergistic effects may potentially be engendered 
within the TME. The ability of IgG1 to activate peripheral 
immune cells, such as NK cells is well-established. However, 
within the TME IgG1-mediated effector activity is often limited 
due to the prevalence of immune cells such as M2-like tumor- 
associated macrophages (TAMs) with high expression levels of 
the inhibitory receptor FcγRIIb.6,42 In contrast, the IgE domain of 
IgEG may engage with TAMs and repolarize FcγRIIbhigh M2-like 
TAMs toward an M1-like phenotype15,18,43 with reduced FcγRIIb 
expression.42 These repolarized TAMs may then be effectively 
engaged by the IgG1-domain of IgEG, thus mediating tumor cell 
killing and release of pro-inflammatory cytokines. This may in
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turn promote enhanced infiltration of cytotoxic CD8+ T-cells and 
a pro-inflammatory response. Additionally, IgE engagement has 
been associated with a reduction of regulatory T cells (Tregs) 
within the TME, resulting in a favorable effector T cell-to-Treg 
ratio.20,43 Thus, the IgEG modality may harbor the potential to 
overcome immunosuppressive barriers within the TME and 
leverage the anti-tumoral activity of both IgG1 and IgE. Future 
studies may include the development and application of novel 
models that better mimic the immune microenvironment and 
complexity of the TME to evaluate potential synergistic IgEG 
effector functions in vitro.

While IgEG may activate the immune system within the 
immunosuppressive TME through FcεR engagement, its 
unmodified IgG1 Fc region may still engage FcγRIIb, 
thereby potentially limiting its maximal anti-tumor activ
ity. Therefore, future studies may explore fine-tuning of 
IgG1 Fc functions of IgEG through Fc engineering. For 
example, an Fc-engineered version of IgEG with reduced 
affinity to FcγRIIb and enhanced affinity for an activatory 
FcγR may optimize IgE-IgG1 synergistic anti-tumor activ
ity within the TME, and thus improve overall efficacy.

A consideration as to the viability of IgEGs to progress 
into human trials requires an assessment as to whether 
antigen-independent crosslinking of Fc receptors on 
immune cells through simultaneous Fcε- and Fcγ- receptor 
binding might occur. Using SPR, we observed very low 
levels of simultaneous Fcε and Fcγ-receptor binding, espe
cially when the IgEG encountered FcγRI before FcεRI 
where simultaneous binding was negligible. Moreover, in 
an ex vivo BAT performed using whole human blood, the 
IgEGs did not lead to activation of basophils. This indi
cates a lack of inherent antigen-independent crosslinking 
and is a first indication of safety for a therapeutic IgEG.

In summary, we engineered a novel IgE-IgG1 hybrid 
antibody that expresses well in mammalian cells and can 
be readily processed to high levels of purity. IgEGs possess 
levels of stability and solubility that are similar to their IgE 
and IgG counterparts. Furthermore, we showed that IgEGs 
were able to stimulate a broader range of immune functions 
compared to either an IgG or an IgE and have an enhanced 
PK profile compared to IgE. No obvious safety concerns 
were identified in an ex vivo basophil activation assessment 
and IgEGs were shown to be capable of generating statisti
cally significant and reproducible anti-tumor activities 
in vivo. Our findings demonstrate that an IgEG could repre
sent a novel and potent therapeutic modality with applic
ability in the treatment of solid tumors.

Materials and methods

Ethical statement

The research presented here complies with all ethical regula
tions. Human blood samples were collected under REC num
bers 09/H0804/45 and 16/LO/0366 approved by Guy’s 
Research Ethics Committee, Guy’s and St. Thomas’ NHS 
Trust or obtained from the UK National Health System 
Blood and Transplant (NHSBT) system using anonymous 
donor leukocyte cones following provision of written, 

informed consent. Animal studies and procedures were per
formed following all relevant ethical regulations.

Cell culture and isolation

Cells were maintained at 5% CO2 and 37°C. SKBR3 (ATCC 
HTB-30) and JIMT-1 (DSMZ ACC 589) cells were cultured in 
complete DMEM (10% fetal bovine serum (FBS), penicillin 
(5,000 U/ml), streptomycin (100 μg/ml)). The rat basophilic 
cell line RBL-SX38 (carrying the human FcεRα transgene, 
kindly provided by Prof. Jean-Pierre Kinet) was cultured 
using complete RPMI1640 (10% FBS, penicillin (5,000 U/ml), 
streptomycin (100 μg/ml)), with added G418 as selection. 
Peripheral blood mononuclear cells (PBMCs) of healthy 
volunteers were isolated using Ficoll-Paque as previously 
described.1 Primary NK cells were isolated using the 
RosetteSepTM Human NK Cell Enrichment Cocktail 
(Stemcell) following the manufacturer’s instructions. After 
isolation, NK cells were either used immediately for binding 
experiments or maintained overnight in RPMI1640 containing 
10% human AB serum.

Antibody production and biophysical characterisation

Production and purification
All HER2-targeting mAb isotypes and unspecific isotype con
trols were expressed using stably transfected CHO-K1 cells. 
Antibodies were purified using an affinity column, followed by 
a SEC-HPLC polishing step. A protein A matrix was used for 
purification of IgG1 and IgEG isotypes, whereas a 
CaptureSelectTM IgE matrix was used for purification of IgE 
isotypes. Purified mAbs in PBS 7.4 were tested for endotoxin 
and subsequently stored at 4°C.

Sodium dodecyl sulfate polyacrylamide electrophoresis
Protein samples for SDS-PAGE were prepared using BioRad 
4× LDS Sample buffer with and without 1 μL mercaptoethanol, 
for reduced and non-reduced conditions, respectively. Samples 
were heated for 5 min at 95°C and loaded onto a 4–15% Mini- 
PROTEAN® TGX™ Precast (Bio-Rad) with 1× Tris-Glycine 
SDS as running buffer. Constant voltage of 120 V was applied 
for 1 h and gels subsequently stained using InstantBlue® 
Coomassie Protein Stain.

Analytical size-exclusion high performance liquid 
chromatography
Proteins were analyzed for monodispersity on a Vanquish 
Horizon UHPLC (ThermoFisher Scientific) using an 
AdvanceBio SEC size exclusion column (300 Å, 7.8 ×  
150 mm, 2. 7 μm, Agilent). 5 μg of mAb at 5.26 μM or mole
cular weight standard (Agilent ReadyCal Red, Supplementary 
Figure S1A) were loaded onto the column. The run was per
formed in 0.1 M sodium phosphate buffer + 0.01% sodium 
azide (pH 7.0) at a flow rate of 0.35 mL/min for 10 min (col
umn temperature 30°C). Eluted proteins were detected at 280  
nm with a data collection rate of 5.0 hz. Data was generated 
and processed in Chromeleon version 7.3.1.
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Stability assessments
Melting profiles and temperatures of the respective mAbs 
were determined using DSF. Briefly, each respective mAb 
(final conc. 10 μM) was run in triplicate with added 
SyproOrange (5×) on a BioRad Connect CFX machine. 
Fluorescence was recorded from 20 to 95 °C at increments 
of 0.2°C.

To determine the freeze-thaw stability of the IgEG modal
ity, aliquots of Tras IgEG stored for 6 weeks at 4°C were frozen 
for 24 hours at either −20 or −80°C. Following thawing, mono
dispersity was analyzed by SEC-HPLC as described above. 
Retention of binding affinity to hHER2 was assessed by SPR 
as described below.

Antibody affinity and cell-surface binding

Affinity measurements by surface plasmon resonance
The binding kinetics of Tras IgG1, IgE and IgEG to hHER2, 
FcγRI, FcεRI, C1q and FcRn were determined using a Biacore 
T200 instrument (Cytiva, USA) at 25°C. Sensorgrams were 
corrected with appropriate blank references and analyzed 
using Biacore T200 Evaluation Software V 2.0.1.

A Fab capture approach was used to determine affinities to 
hHER2. Briefly, a mixture of anti-kappa and anti-lambda mAb 
(Human Fab Capture kit, Cytiva UK) was immobilized onto 
a CM5 chip. Purified antibodies were diluted to 52.63 nM and 
captured to a Rmax of 45 at 10 μl/min. HBS-EP+ (10 mm 
HEPES, pH 7.4, 150 mm NaCl, 3 mm EDTA and 0.05% sur
factant p-20) with added 1 mg/ml bovine serum albumin 
(BSA) was used as running buffer. Recombinant hHER2 was 
applied at four concentrations (1.11 nM, 3.33 nM, 10 nM and 
30 nM) with an association and dissociation time of 240 s and 
600 s, respectively. Subsequently, chips were regenerated by 
washing twice with 10 mm glycine-HCl, pH 2.1.

Measurements for FcγRI and FcεRI were performed using 
a CM5 chip coupled with an anti-His antibody (His Capture kit, 
Cytiva UK) and HBS-P+ (10 mm HEPES, 150 mm NaCl and 
0.05% v/v Surfactant P20) as running buffer. hFcγRI (Sino 
Biological) or hFcεRI (R&D Systems) was captured to 30 RU at 
10 μL/min. Purified antibodies (3-fold dilution, 33.33 nM − 0.411  
nM) were flowed over the chip at 30 μL/min with an association 
and dissociation time of 200 s and 600 s, respectively. Chips were 
regenerated by washing twice with 10 mm glycine-HCl, pH 1.5.

For affinity measurements to C1q, a protein A capture 
sensor chip (Cytiva, UK) with HBS-EP+ as running buffer 
was used. Purified antibodies were diluted to 1 μg/ml in run
ning buffer and captured at 10 μl/min. C1q (QuidelOrtho) 
protein (3-fold dilution, 120 nM − 4.444 nM) was flowed 
over the chip at 30 μL/min with an association and dissociation 
time of 90 s and 120 s, respectively. Chips were regenerated by 
washing twice with 10 mm glycine-HCl, pH 1.5.

Binding kinetics to hFcRn were determined by coupling 
CM5 chips with recombinant hFcRn. Phosphate-buffered sal
ine (PBS) + 0.05% Tween 20 (pH 6.0 or pH 7.4) containing an 
additional 150 mm NaCl was used as running buffer. The 
respective purified antibodies (two-fold dilution from 
1000–15.625 nM) were flowed over the chip at a flow rate of 

30 µL/min, with an association and dissociation time of 30 
s. Chips were regenerated with 100 mm Tris, pH 8.0.

Affinity measurements by bio-layer interferometry
Bio-layer interferometry (BLI) experiments were performed on 
the Octet R8 machine (Sartorius). Ligands (ACROBiosystems) 
were immobilized onto Streptavidin SA biosensors (Sartorius) at 
the following concentrations: hHER2-biotin (0.20 μg/ml), 
hFcεRI-biotin (0.25 μg/ml), hFcγRI-biotin (0.25 μg/ml), and 
hFcRn (0.125 μg/ml). The following experimental setup was 
used: wash (60 s), load (600 s), wash (60 s), baseline (30 s), 
association (180 s), dissociation (variable time, until at least 5% 
ligand dissociated). Wash and baseline steps were performed in 
different wells. For the dissociation the sensor was re-dipped 
into the baseline wells. Association was performed using a 5-fold 
3-times dilution series of the respective antibodies with the 
following starting concentrations: 100 nM (HER2, FcεRI, and 
FcγRI), 300 nM (FcRn). PBS pH 7.4 with 0.05% (v/v) Tween-20 
(PBST) was used for all sample preparation and for assay steps. 
For FcRn, runs were performed in 50 mm sodium phosphate, 
150 mm sodium chloride pH 6 with 0.05% (v/v) Tween-20. 
The second wash, baseline, association, and dissociation steps 
were performed in pH 6 buffer. Runs were set up using 96-well 
plates shaking at 1000 rpm at 30°C. Data was fit using the Octet 
kinetics analysis software using a global fit (1:1 for FcεRI and 
FcγRI and 1:2 bivalent analyte for HER2 and FcRn).

Simultaneous receptor binding assessment
Potential binding of IgEG to FcγR and FcεR simultaneously 
was assessed using SPR. FcγRI (Sino Biological) or FcεRIα 
(R&D Systems) were immobilized onto a CM5 chip by stan
dard amine coupling. Antibodies were injected manually at 50  
nM and captured either through FcγRI or FcεRIα. This was 
followed by injection 50 nM of either FcεRIα or FcγRI, respec
tively, to assess simultaneous receptor binding. Chips were 
regenerated by washing with a 3 M MgCl2 for 240 s.

Cell surface binding
For cell surface binding to SKBR3 (hHER2), JIMT-1 (hHER2) 
and RBL-SX38 (hFcεRI) cells, 1 × 105 cells were incubated for 
30 min at 4°C with mAb (52.6 nM). Anti-Fab FITC (2 μg/ml, 
Invitrogen UK) was added as a detection antibody followed by 
a 30 min incubation at 4°C. Cells were washed with FACS 
buffer (PBS pH 7.2 + 2% FBS) between each step.

For cell surface binding to primary NK (FcγR) cells, the 
respective mAbs (52.6 nM) were incubated with an anti-Fab 
FITC detection antibody (2 μg/ml) for 20 min at 37°C prior to 
addition of NK cells. Subsequently, 1 × 105 primary NK cells were 
added and incubated for 30 min on ice, followed by two washes 
with fluorescence-activated cell sorting (FACS) buffer. All sam
ples were acquired using a flow cytometer (Fortessa, Becton 
Dickinson). Analysis was performed using FlowJoTMsoftware.

In vitro and ex vivo assays

FcεRI-mediated degranulation assays
RBL-SX38 cells in complete RPMI were seeded at 1 × 104 cells/ 
well in a sterile flat bottom 96-well plate and incubated
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overnight at 37°C, 5% CO2. Antibodies were added at a final 
concentration of 1.05 nM followed by a one-hour incubation at 
37°C, 5% CO2. The supernatant was discarded and followed by 
three washes with HBSS + 1% BSA (heat shock fraction). After 
addition of 3 × 104/well of target cells in HBSS + 1% BSA, 
plates were incubated for 30 min at 37°C, 5% CO2. 
Subsequently, the supernatants were taken off and 20 μl 
diluted in 30 μl of HBSS + 1% BSA buffer in black flat bottom 
96 well plates. 50 µl of β-hexoaminidase substrate (4-methy
lumbelliferyl N-acetyl-β-D-glucosaminide) were added and 
plates were incubated for 2 hours at 37 °C. The enzymatic 
reaction was stopped by the addition of 100 µl of 0.5 M Tris- 
HCl buffer. Fluorescence was measured at 350 nm excitation 
and 450 nm emission using a Fluostar Omega microplate 
reader (BMG Labtech).

Tumour cell killing assays
Tumour cell killing assays were performed according to 
Bracher et al.44 Briefly, the day before the experiment, target 
cancer cells were stained with carboxyfluoroscein succinimi
dyl ester. The next day freshly isolated PBMCs or primary 
NK cells from healthy volunteers were added at an effector 
to target cell ratio (E:T) of 10:1 or 5:1, respectively, to the 
stained target cells in the presence of antibody (final conc. =  
26.32 nM). A no antibody control served as baseline. 
Samples were incubated for 3 hours at 37°C and 5% CO2. 
Supernatants were taken off and cells were washed with 
FACS buffer prior to staining with 2 μg/ml of anti-human 
CD45 APC (BioLegend, UK) antibody for 30 min at 4°C. 
Samples were washed again and DAPI was added to the 
samples prior to acquisition using a flow cytometer 
(Fortessa, Becton Dickinson). Analysis was performed 
using FlowJoTMsoftware.

Supernatants from NK ADCCs were stored at −80°C and 
used in a CyQuant lactate dehydrogenase (LDH) Cytotoxicity 
Assay (Invitrogen, UK) following the manufacturer’s 
instructions.

Ex vivo basophil activation test
BATs (Flow2 CAST® kit, Bühlmann Laboratories AG, 
Schönenbuch, Switzerland) using healthy volunteer peripheral 
blood were performed as previously described19,45Briefly, 
unfractionated whole blood was incubated with the provided 
stimulation buffer and anti-FcεRI (provided), anti-IgE anti
body (Agilent Dako, Santa Clara, CA, USA) or fMLP (pro
vided). Ex vivo stimulation with mAbs was performed at 19.5  
nM. Samples were stained with the provided anti-CCR3-PE 
and anti-CD63-FITC staining cocktail and incubated at 37°C 
for 30 min in a 5% CO2 incubator. After red blood cell lysis, 
samples were centrifuged, and cell pellets were resuspended in 
the provided acquisition buffer. Samples were acquired using 
a BD Fortessa.

In vivo studies

Pharmacokinetic in vivo studies
For PK studies, 10-week-old transgenic hFcRn+/mFcRn- Tg32 
mice (B6.Cg-Fcgrttm1Dcr Prkdcscid Tg(FCGRT)32Dcr/ 
MvwJ, Jackson Laboratory) were used. 60 nmol/kg of mAb 

were injected intravenously (i.v.) via the lateral tail vein. 
Blood samples (25 μL) into EDTA were taken retro-orbitally 
at multiple timepoints between 5 min and 28 days as indicated 
in Figure 3B and Supplementary figure S3C. Plasma was 
obtained by centrifugation 13,000 rpm for 5 min and diluted 
1 in 10 in PBS + 50% glycerol prior to storing at −20°C. Serum 
levels of the respective mAbs were determined using an 
enzyme-linked immunosorbent assay (ELISA). For IgG and 
IgEG isotypes wells were coated with anti-human IgG 
(Mabtech MT145), serum was applied and IgG or IgEG 
detected using an alkaline phosphatase conjugated anti- 
human IgG (Mabtech MT78). To assess human IgE serum 
levels the Mabtech human IgE ELISA kit (3810-1A-6) was 
used. Pharmacokinetic parameters were determined using PK 
Solutions software (PK Solutions, Version 2.0 SUMMIT 
Research Services) using single dose, linear, noncompartmen
tal analysis. The following parameters were analyzed: Area 
Under the Curve (AUC0-t; µg-day/mL); Volume of distribu
tion normalized to body weight (Vd; mL/kg), Clearance 
(CL; mL/h/kg) and Cmax (µg/mL). For IgG and IgEG mole
cules terminal half-life (h) from Vd was calculated using PK 
solutions software. For IgE it was not possible to calculate 
terminal half-life and therefore half-life was manually calcu
lated using all data points.

In vivo efficacy studies
JIMT-1 cells were implanted subcutaneously at 1 × 107 in 50% 
Matrigel® on the rear dorsum of female NXG mice (Janvier 
Labs, France). Once tumors reached a volume of approxi
mately 50 mm3, mice were i.v. engrafted with 5 × 106 human 
PBMCs (day 0). The first dose (12, 60 or 120 nmol/kg) of each 
mAb was administered together with the PBMCs. All subse
quent mAb doses were given i.v. without PBMCs on a biweekly 
schedule. For myeloid cell boost, FLT3 ligand was adminis
tered at 10 μg/mouse on days 0, 1 and 2. Tumors were mea
sured three times a week and tumor size [mm3] was calculated 
using the formula: mm3 = d2 × (D/2) (d = smallest diameter of 
tumor; D = largest diameter of tumor).

Statistical analyses

Data are presented as mean ± Standard Deviation (SD) or 
Standard Error of the Mean (SEM) as indicated in the figure 
legends. GraphPad Prism was used to perform statistical ana
lyses. Normality of data was evaluated using a Shapiro – Wilk 
normality test. Subsequently, appropriate statistical analyses 
were performed (One-way ANOVA and two-way ANOVA), 
and statistically significant differences are indicated in the 
graphs or additional tables were indicated. p values: *p ≤  
0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001.
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