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Abstract: IgE antibodies are well known for their role in mediating allergic reactions, their 12 

powerful effector functions activated through binding to Fc receptors FcRI and FcRII/CD23. 13 
Structural studies of IgE-Fc alone and when bound to these receptors surprisingly revealed not 14 
only an acutely bent Fc conformation, but also subtle allosteric communication between the two 15 
distant receptor-binding sites. The ability of IgE-Fc to undergo more extreme conformational 16 
changes emerged from structures of complexes with anti-IgE antibodies, including omalizumab, in 17 
clinical use for allergic disease; flexibility is clearly critical for IgE function, but may also be 18 
exploited by allosteric interference to inhibit IgE activity for therapeutic benefit. In contrast, the 19 
power of IgE may be harnessed to target cancer. Efforts to improve the effector functions of 20 
therapeutic antibodies for cancer have almost exclusively focussed on IgG1 and IgG4 isotypes, but 21 
IgE offers extremely high affinity for cognate FcRI receptors on immune effector cells known to 22 
infiltrate solid tumours. Furthermore, while tumour-resident inhibitory Fc receptors can modulate 23 
the effector functions of IgG antibodies, no inhibitory IgE Fc receptors are known to exist. The 24 
development of tumour antigen-specific IgE antibodies may therefore provide an improved 25 
immune functional profile and enhanced anti-cancer efficacy. We describe proof-of-concept studies 26 
of IgE immunotherapies against solid tumours, including a range of in vitro and in vivo evaluations 27 
of efficacy and mechanisms of action, as well as ex vivo and in vivo safety studies. The first 28 
anti-cancer IgE antibody, MOv18, the clinical translation of which we discuss herein, has now 29 
reached clinical testing, offering great potential to direct this novel therapeutic modality against 30 
many other tumour-specific antigens. This review highlights how our understanding of IgE 31 
structure and function underpins these exciting clinical developments.   32 

Keywords: Immunoglobulin E; FcεRI; CD23; allostery; cancer immunotherapy; AllergoOncology; 33 

IgE effector functions; monocytes; macrophages; ADCC. 34 

Abbreviations: ADCC, antibody-dependent cell-mediated cytotoxicity; ADCP, 35 

antibody-dependent cell-mediated phagocytosis; APC, antigen presenting cell; BAL, 36 
broncho-alveolar lavage; BAT, basophil activation test; CCA, colorectal cancer antigen; CDR, 37 
complementarity-determining region; CTCs, circulating tumour cells; CTL, cytotoxic T 38 
lymphocyte; DCs, dendritic cells; EGFR, epidermal growth factor receptor; EM, electron 39 
microscopy; FR, framework region; FRα, folate receptor alpha; FRET, fluorescence (Förster) 40 
resonance energy transfer; GMP, Good Manufacturing Practice; IHC, immunohistochemical / 41 
immunohistochemistry; i.p., intraperitoneal; i.v., intravenous; MCP-1, macrophage 42 
chemoattractant protein-1; MD, molecular dynamics; MMTV, mammary tumour virus; NIP, 43 
4-hydroxy-3-nitro-phenacetyl; NK, Natural Killer; PBMCs, peripheral blood mononuclear cells; 44 
PDX, patient-derived xenograft; PIPE, Polymerase Incomplete Primer Extension; PSA, prostate 45 
specific antigen; RBL, rat basophil leukaemia; SAXS, small-angle X-ray scattering; s.c., 46 
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subcutaneous; Th, T helper; TME, tumour microenvironment; TNFα, tumour necrosis factor; 47 
UCOE, Ubiquitous Chromatin Opening Elements; WAG, Wistar Albino Glaxo. 48 

 49 

1. Introduction 50 

Immunoglobulin E (IgE), named in 1968 [1-3], was the last of the five classes of human antibody to 51 
be discovered, and is commonly associated today with the various manifestations of allergic disease 52 
[4]. However, its role in mammalian evolution appears to be the provision of a mechanism for 53 
defence against parasites and animal venoms [5], and in this regard it required the acquisition of a 54 
powerful effector function. It is precisely this power, and the possibility of understanding and 55 
harnessing it, that makes IgE an attractive candidate for monoclonal antibody immunotherapy 56 
against clinically important targets. IgE differs from the various sub-classes of IgG that have hitherto 57 
been the common format for therapeutic antibodies in a number of key aspects, including its domain 58 
architecture, glycosylation, conformational dynamics and, as only recently appreciated, allosteric 59 
properties [6]. In this review we bring together our understanding of the structural and functional 60 
properties of IgE and show how this underpins the development of IgE as a therapeutic antibody 61 
format.     62 

 63 
IgE’s receptor-binding activities also present unique features. There are two principal receptors, 64 

FcεRI, structurally homologous to other members of the FcγR family, and FcεRII/CD23 which, 65 
unlike almost all other antibody receptors, is a member of the C-type (Ca2+-dependent) lectin-like 66 
superfamily [4]. FcεRI is expressed on tissue mast cells, blood basophils, airway epithelial and 67 
smooth muscle cells, intestinal epithelial cells, and various antigen-presenting cells (APCs), 68 
monocytes and macrophages [7-11]; the cross-linking of receptor-bound allergen-specific IgE on 69 
mast cells and basophils by allergen is the signal for cell degranulation, release of pre-formed 70 
mediators of inflammation and an immediate hypersensitivity response that can be powerful 71 
enough to cause anaphylactic shock and even death. Not only is it necessary to cross-link only very 72 
few IgE and FcεRI molecules in this way, compared with IgG and FcγR, but the affinity of IgE for 73 
FcεRI (Ka ≈ 1010 M-1) is at least two orders of magnitude higher than that of IgG for any of its 74 
receptors. Thus, most IgE is already cell bound, and all that is required is contact with perhaps a 75 
minute amount of allergen to trigger a rapid reaction. In contrast, IgG generally requires the 76 
formation of immune complexes consisting of many more antibody molecules, which can then, upon 77 
contact with an effector cell, cause FcγR clustering and cell activation [12]. With its uniquely high 78 
affinity for any antibody-receptor interaction, FcεRI is often referred to as the “high-affinity” 79 
receptor for IgE. 80 

 81 
FcRII, or CD23 as it will be called here, is also known as the “low-affinity” receptor for IgE. 82 

While the affinity of each of its lectin-like “heads” for IgE (Ka  106 M-1) is indeed much lower than 83 
that of FcRI, the fact that the molecule is trimeric can lead to a higher avidity if more than one head 84 
can engage IgE; this will be discussed in detail later. CD23 is expressed on B cells, T cells, various 85 
APCs, gut and airway epithelial cells and a range of other cell types [13-18]. On B cells, IgE binding 86 
to CD23, the latter behaving both as a membrane protein and also as a soluble protein released from 87 
the cell surface (in trimeric or monomeric form) by endogenous or exogenous proteases, can either 88 
up- or down-regulate IgE levels [13,19-21]. This interplay between IgE and both membrane and 89 
soluble CD23 has been proposed to constitute a mechanism for IgE homeostasis. CD23 also transfers 90 
IgE-allergen complexes across the airway and gut epithelia and thus promotes presentation of 91 
airborne and food allergens to the immune system [16-18,22]. 92 

 93 
There is a considerable body of structural data concerning the interactions between IgE-Fc and 94 

the receptors FcRI and CD23. There is also a good understanding, if based upon rather few 95 
examples, of how IgE Fabs recognise allergens; this understanding was recently enhanced by the 96 
discovery that allergen recognition may occur not only in a classical, complementarity-determining  97 
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Figure 1. Overall structure and glycosylation. (a) Schematic representation of IgG. (b) Schematic 99 
representation of IgE. (c) The IgG C2 domain contains complex carbohydrate covalently attached to 100 
Asn297 [24]. (d) The IgE C3 domain contains high-mannose carbohydrate covalently attached to 101 
Asn394 [25]. In panels (c) and (d), carbohydrate residues are labelled as follows: FUC, fucose; GAL, 102 
galactose; MAN, mannose; NAG, N-acetylglucosamine; SIA, sialic acid. 103 

region (CDR)-mediated manner, but also through V-region framework regions (FR) in a 104 
“superantigen-like” mode [23]. When we put these structural data together to build models of the 105 
whole IgE molecule it is clear that there are constraints upon the disposition of the Fab arms when 106 
the Fc is receptor bound, and similarly there may be restrictions upon the receptor-binding 107 
capability of the Fc region when IgE engages target antigens; unfortunately we lack high-resolution 108 
structural data on the complete IgE molecule. Appreciation of these constraints and the 109 
consequences of the flexibility and dynamics of the IgE molecule as a whole, are clearly important 110 
for engineering an IgE molecule for immunotherapy that combines the desired antigen-binding and 111 
receptor-mediated activities.  112 

  113 

2. The structure of IgE 114 

The overall architecture of the IgE molecule differs most significantly from that of IgG in respect of 115 
the “additional” heavy chain constant domain (Figures 1a and 1b) and absence of a hinge region in 116 
the -chain. The six domains comprising the IgE-Fc, a dimer of C2-C3-C4 domains, are 117 
evolutionarily more ancient than the four-domain IgG-Fc. IgE-Fc resembles the (C2-C3-C4)2 Fc 118 
structure of IgM, the most primitive antibody class, and the (C2-C3-C4)2 Fc domains of avian 119 
IgY, the ancestor of IgE and IgG [26]. The hinge region of IgG appears to have evolved to take the 120 
place of the (C2)2 domain pair, since the C2 and C3 domains of IgG-Fc are most closely 121 
homologous to the C3 and C4 domains of IgE-Fc. IgM molecules, as pentameric or hexameric 122 
structures, are known to undergo conformational changes upon contact with antigen that 123 
dramatically alter the disposition of the Fab arms relative to the Fc region, as observed by electron 124 
microscopy (EM) [27]. Unliganded, the IgM molecules appear planar and “star-shaped”, while 125 
bound to the surface of antigens they form “table-like” structures with the Fab arms bent down and 126 
away from the Fc region. These observations are pertinent to discussion of the flexibility and 127 
conformational change in IgE that will follow. 128 
 129 

 130 
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Figure 2. IgE-Fc is conformationally flexible. (a) Unbound IgE-Fc adopts an acutely bent 132 
conformation [34]. (b) IgE-Fc adopts a partially bent conformation when in complex with an 133 
omalizumab-derived Fab [35]. (c) Fully extended IgE-Fc conformation captured by aFab [36]. (d) 134 
IgE-Fc adopts a fully extended conformation when in complex with the 8D6 Fab that is more 135 
compact than the conformation shown in (c) [37]. In panels (a) – (d), IgE-Fc chain B is coloured grey 136 
while chain A is coloured cyan, orange, pink and blue, respectively. For clarity, the anti-IgE Fabs are 137 
not shown in panels (b) – (d).  138 

Expectations that IgE, with the additional domain pair, might adopt a more extended Y-shaped 139 
structure than that of IgG [28], were refuted by early biophysical studies of IgE in solution and when 140 
FcRI-bound that indicated a more compact conformation [29,30]. In particular, elegant work with 141 
IgE molecules fluorescently labelled in their antigen-binding sites and at the C-termini of their Fc 142 
regions, clearly indicated through fluorescence (Förster) resonance energy transfer (FRET) distance 143 
measurements that the IgE molecule was not extended, but bent [31,32]. This was later confirmed by 144 
small-angle X-ray scattering (SAXS) studies of IgE and IgE-Fc in solution, the latter indicating that 145 
the Fc itself was a compact structure, best modelled by folding the (C2)2 domain pair back onto the 146 
C3-C4 domains [33]. However, when the first X-ray crystal structure of the whole IgE-Fc was 147 
solved [34], the bend was found to be even more acute than that which had been modelled (Figure 148 
2a), with the C2 domain of one chain even contacting the C4 domain of the other; furthermore, by 149 
bending of the (C2)2 domain pair over towards one side of the (C3-C4)2 region, the IgE-Fc 150 
molecule adopted an asymmetrical three-dimensional structure, despite its symmetrical primary 151 
structure (chemical sequence). A FRET study of IgE-Fc further confirmed that this bent structure 152 
does indeed exist in solution [38]. Might IgE-Fc be able to “un-bend”, akin to the conformational 153 
changes that IgM appears to undergo? 154 

 155 
Despite the identical primary structures of the two heavy (and two light) chains, IgE, like IgG 156 

and all other antibody classes, is glycosylated [39-42], and since there is heterogeneity not only in the 157 
pattern of glycosylation at the various potential sites but also in the composition at any particular 158 
site, the two heavy chains within any one IgE (or IgG) molecule are not precisely identical. Whether 159 
or not this compositional asymmetry is related to the asymmetric bending of the IgE-Fc has not been 160 
explored. One glycosylation site is conserved across all antibody classes: Asn394 in the C3 domain 161 
of IgE, structurally homologous to Asn297 in the C2 domain of IgG. Other potential sites in the C2 162 
and C3 domains are not always fully glycosylated, but Asn394, like its homologues in other 163 
antibody classes, is always fully occupied [39-41]. The branched carbohydrate chains occupy space 164 
between the C3 domains, as they do between the C2 domains of IgG, but there is a major difference 165 
between IgE and IgG in this respect: the glycosylation at Asn394 in IgE is of the “high-mannose” 166 
type, in contrast to the “complex-type” at Asn297 in IgG (Figures 1c and 1d). Other glycosylation 167 
sites in IgE that are exposed at the surface are complex-type, which suggests that the high-mannose 168 
composition at Asn394 may be due to the C2 domains impeding access of the mannosidase 169 
enzymes responsible for trimming the high-mannose structures prior to assembly of the 170 
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complex-type glycoforms. The same high-mannose structure is seen in IgY-Fc between the C3 171 
domains [43], perhaps similarly due to the presence of C2 domains. The high-mannose, branched 172 
carbohydrate chains in IgE-Fc not only make non-covalent (hydrogen bond, hydrophobic and van 173 
der Waals) contacts with the C3 domains to which they are covalently attached, and to the adjacent 174 
C4 domains, but also make contact with each other, bridging the two heavy chains [25,34,44]. 175 
Despite this apparent structural role, and again in contrast to IgG in which loss of glycosylation at 176 
Asn297 compromises FcR binding [45], both FcRI and CD23 receptor-binding activity is 177 
maintained in the absence of glycosylation; IgE-Fc expressed in bacteria and refolded [46,47], or 178 
deglycosylated following mammalian expression [48,49], binds to both receptors. However, 179 
glycosylation at Asn394 is essential for expression of functional IgE in mammalian cells in vitro and 180 
in vivo [41,50].  181 

 182 
IgE thus differs in important ways from IgG, not only in terms of its overall structure and, as 183 

will now be discussed, its flexibility, but also with respect to the nature and the role of its 184 
glycosylation. 185 
 186 

3. Conformational dynamics in IgE-Fc 187 

Crystal structures of the sub-fragment of IgE-Fc consisting of only the C3 and C4 domains, which 188 
we term Fc3-4, and IgE-Fc, have revealed a degree of flexibility in the arrangement of the C3 189 
domains relative to each other, either further apart (“open”) or closer together (“closed”) 190 
[25,34-37,44,51-59]. Furthermore, unliganded IgE-Fc structures were only bent (Figure 2a) [25,34,44]. 191 
It was therefore a considerable surprise to discover that in the crystal structure of the first complex 192 
between IgE-Fc and an anti-IgE antibody Fab, aFab, the Fc had adopted a fully extended 193 
conformation (Figure 2c) [36]. Further analysis revealed that the anti-IgE Fab, which binds at the 194 
C2/C3 interface in a 2:1 complex with IgE-Fc, was selecting a pre-existing conformational state of 195 
the molecule in solution, and thus the question arose: if IgE-Fc could spontaneously “un-bend” to 196 
reach a fully extended state, could the (C2)2 domain pair then “flip over” to lie in a bent 197 
conformation on the other side of the Fc3-4 region? In order to estimate the energetics of this 198 
potential “flipping” of the IgE-Fc, extensive molecular dynamics (MD) simulations were carried out 199 
[36]. It was discovered that the bent structure lies in a relatively deep energy well, but that once the 200 
IgE-Fc molecule had escaped this minimum, the “conformational landscape” was relatively flat, i.e. 201 
there were no significant barriers to prevent it reaching the extended conformation or indeed 202 
allowing the (C2)2 domains to bend over onto the other side of the molecule. The MD simulations 203 
revealed that this flipping of the C2 domains required the C3 domains to open somewhat, but the 204 
rate-limiting step for the process was clearly escape from the energy well representing the bent 205 
conformation. Most molecules would be in the bent state at any given time, consistent with the SAXS 206 
and FRET data in solution, but occasionally they flip over, although the rate and frequency of this 207 
event is difficult to assess. 208 
 209 

Anti-IgE antibodies of the IgG class, such as aFab, directed against the Fc region clearly have 210 
potential as anti-allergy therapeutics if, by either steric or allosteric means, they inhibit FcRI or 211 
CD23 engagement. These activities will be discussed in the following two sections, and we first 212 
concentrate here on the lessons learned about IgE flexibility from structural studies of these anti-IgE 213 
Fab/IgE-Fc complexes. Omalizumab is a clinically approved anti-IgE antibody, and it binds to a 214 
partially bent conformation, intermediate between the bent and extended structures (Figure 2b) [35]. 215 
It binds to the C3 domains, also in a 2:1 complex, and causes the C3 domains to move further apart 216 
and adopt a very “open” conformation. Another anti-IgE antibody, termed 8D6, directed to the C2 217 
and C3 domains, binds to a fully extended IgE-Fc conformation (rather like aFab, Figure 2c) but in 218 
the 8D6 structure (Figure 2d) the (C2)2 domain pairs are twisted and compressed towards the C3 219 
domains, as in a corkscrew motion [37]. To date, these are the only structures that have been 220 
published for IgE-Fc in complex with anti-IgE Fabs (Figure 3).    221 
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 222 

Figure 3. Crystal structures of IgE-Fc in complex with anti-IgE Fabs. (a) IgE-Fc in complex with an 223 
omalizumab-derived Fab [35]. (b) aFab/IgE-Fc complex [36]. (c) 8D6 Fab/IgE-Fc complex [37]. In 224 
panels (a) – (c), IgE-Fc chain B is coloured grey while chain A is coloured orange, pink and blue, 225 
respectively. The Fab heavy and light chains are coloured in wheat and pale yellow, respectively. 226 

 227 
 The picture that emerges from these structural studies is that of a highly flexible Fc region in 228 
which the C2 domains are capable of extending and twisting relative the Fc3-4 region, or bending  229 
over to either side, with the C3 domains adopting closed or open states. With regard to the 230 
flexibility of the whole IgE molecule, i.e. that of the Fab arms relative to the Fc, we lack 231 
crystallographic data, although molecular simulations suggest that the short C1-C2 linker of only 232 
five or six amino-acids substantially restricts the available conformations compared with the Fab 233 
arm flexibility mediated by the hinge regions in IgG subclasses [36,38]. This is consistent with earlier 234 
biophysical studies in solution which showed less Fab arm flexibility in IgE compared with IgG [60]. 235 
Nevertheless, despite lacking an IgG-like hinge, the linker between the C2 and Cε3 domains can 236 
clearly permit bending of the whole IgE molecule, just as is seen in IgM with its (C2)2 domains and 237 
no hinge [27], although in IgM the precise nature of the bending remains unresolved. 238 

 239 

4. IgE-receptor interactions 240 

The structural details of IgE binding to the soluble extracellular domains of both FcRI and CD23 are 241 
now well established. FcRI expressed on mast cells and basophils comprises four polypeptide 242 
chains, 2 (Figure 4a), but on other cell types it lacks the -chain, which may serve either as an  243 
“amplifier” of down-stream signalling, since the -chain contains an additional copy of the 244 
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 246 

Figure 4. FcRI (a) Schematic representation of FcRI: the four chains are indicated, showing the two 247 
extracellular Ig-like domains of the -chain that contain the IgE-binding activity, and the locations of 248 
the three intracellular ITAM signalling motifs. Figure adapted by permission from John Wiley & 249 
Sons, Inc. [Sutton, B.J.; Davies, A.M. Structure and dynamics of IgE-receptor interactions: FcεRI and 250 
CD23/FcεRII. Immunol. Rev. 2015, 268, 222-235 [6]]. (b) IgE-Fc adopts an acutely bent conformation 251 
when in complex with sFcRI, engaging the receptor (purple) at two distinct sub-sites [44]. IgE-Fc 252 
chains A and B are coloured dark cyan and pale cyan, respectively.   253 

 254 
immuno-tyrosine activation motif (ITAM) present in the -chains, or it may affect surface expression 255 
[7]. All of the IgE-binding activity resides in the two Ig-like domains of the -chain, termed sFcRI, 256 
the only substantial extracellular part of the receptor (Figure 4a). The crystal structure of sFcRI 257 
bound to Fc3-4 first revealed the 2 domain and part of the 1-2 linker bound across the two C3 258 
domains, close to the point of connection to the C2 domains [56]. When the structure of the complex 259 
with the complete IgE-Fc was solved, contrary to expectations that the Fc might unbend, the angle 260 
was found to become even more acute (from 62 to 54; Figure 4b) [44]. This enhanced bend seen in 261 
the crystal structure with IgE-Fc agrees not only with a recent study in solution with a FRET-labelled 262 
IgE-Fc molecule [38], but also, strikingly, with the work carried out more than 25 years ago with 263 
FRET-labelled IgE bound to FcRI on cells, which showed a more compact structure for IgE when 264 
receptor-bound than in solution [32]. This orientation of IgE and acutely bent Fc, as indicated in 265 
Figure 4b, places constraints upon the disposition of the Fab arms, which may well be critical for 266 
understanding how the IgE molecule engages both FcRI on cells and antigen (allergen), whether 267 
soluble or on a target cell, to enable receptor cross-linking and effector cell activation. These 268 
topological issues will be considered in more detail below.  269 
 270 

CD23 is a homo-trimeric type-II membrane protein with its C-terminal C-type lectin-like 271 
“head” domains, to which IgE binds, spaced from the membrane by a triple -helical coiled-coil 272 
“stalk” (Figure 5a). There is also a C-terminal “tail” of unknown structure that is required for 273 
binding to CD21, a co-receptor for CD23, engagement of which is implicated in B cell activation and 274 
cell adhesion events [4,6,61-63]. We will focus on the IgE/CD23 interaction. The crystal structure of a 275 
single lectin-like domain alone, lacking the stalk and tail, which we will term sCD23, binds to IgE-Fc 276 
with a 2:1 stoichiometry, although the affinities for the two sCD23 molecules differ by more than a 277 
factor of ten (Ka  106 M-1 and 105 M-1) [53]. The binding of both molecules can be seen clearly in 278 
Figure 5b, one sCD23 molecule bound to each -chain in a similar manner, principally to C3 but also 279 
contacting C4, in this complex with Fc3-4 [51]. However, the structure of sCD23 bound to IgE-Fc, 280 
which unexpectedly trapped only the first binding event (Figure 5c), explains the difference in 281 
affinity [53]. This 1:1 complex reveals how the first sCD23 molecule binds to an asymmetrically bent 282 
IgE-Fc, principally to C3 as before and also to C4, but with a single hydrogen bond and some van 283 
der Waals contacts with a C2 domain; the (C2)2 domain pair remains essentially bent, but swings  284 
 285 
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Figure 5. CD23. (a) Schematic representation of CD23: the three identical chains showing the triple 287 
-helical coiled-coil “stalk”, C-type lectin-like IgE-binding “head” domains, and C-terminal “tails”. 288 
Figure adapted by permission from John Wiley & Sons, Inc. [Sutton, B.J.; Davies, A.M. Structure and 289 
dynamics of IgE-receptor interactions: FcεRI and CD23/FcεRII. Immunol. Rev. 2015, 268, 222-235 [6]]. 290 
(b) The 2:1 complex between sCD23 (orange) and Fc3-4 [51]. (c) The 1:1 complex between sCD23 291 
(orange) and IgE-Fc, in which IgE-Fc adopts an acutely bent conformation [53]. In panels (b) and (c), 292 
IgE-Fc chains A and B are coloured dark cyan and pale cyan, respectively.  293 

about 16 to accommodate CD23 binding (Figure 5c) [53]. The site for the second CD23 head is 294 
completely accessible, although not occupied in this crystal structure, but this asymmetry of the two 295 
-chains explains the difference in affinity at the two CD23 binding sites. 296 

 297 
As expected for a “C-type” lectin domain there is a Ca2+ binding site, although IgE binding does 298 

not require occupancy of this site [51,53,64]. Neither does this “lectin” interaction with IgE involve 299 
carbohydrate, although its binding to CD21 may be carbohydrate-dependent. In the presence of Ca2+, 300 
IgE binding is enhanced [62], 30-fold at 37C, through ordering of a loop and a subtle conformational 301 
change that enables additional contacts with IgE [54]. Intriguingly, these additional contact residues 302 
comprise a second Ca2+ binding site in murine CD23, an indication perhaps of a step in the evolution 303 
of the interaction of IgE with this C-type lectin domain. The Ca2+ dependence of the affinity, 304 
undoubtedly enhanced in the context of the trimer through an avidity effect, may be functionally 305 
important for unloading of IgE/allergen complexes by CD23 in endosomes, where the Ca2+ 306 
concentration is two to three orders of magnitude lower than at the cell surface, prior to CD23 307 
recycling to the cell surface [65,66]. 308 

 309 
It is important to realise that although IgE can bind to two CD23 heads, these cannot belong to 310 

the same CD23 trimer; the N-termini of the two sCD23 molecules, which connect to the stalk (Figure 311 
5b), are so far apart that most of the stalk would have to unravel for this to be possible [51]. 312 
However, IgE can cross-link two membrane CD23 trimers, and soluble trimeric forms of CD23 313 
containing both head and stalk can cross-link membrane IgE (on B cells committed to IgE synthesis) 314 
or soluble IgE; in all of these cases, the bivalence of IgE and trivalence of CD23 can combine to create 315 
large complexes, which may be required for signalling in the context of B cell or APC activation [4].  316 

 317 

 318 
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 319 

Figure 6. Binding of IgE to its receptors is allosterically regulated. (a) sFcRI (purple) binds to the 320 
Fc3-4 region when the C3 domains adopt an open conformation [44]. (b) sCD23 (orange) binds to 321 
the Fc3-4 region when the C3 domains adopt a closed conformation [51]. In panels (a) and (b), 322 
IgE-Fc chains A and B are coloured dark cyan and pale cyan, respectively. 323 

 324 

5. IgE – an allosteric antibody 325 

The crystal structures of the two receptor complexes reveal a key element of the IgE molecule, 326 
namely that there is allosteric communication between the two receptor-binding sites. It is known 327 
that IgE cannot bind to both receptors simultaneously [67,68], and vital that this is so, since 328 
otherwise trimeric CD23 could cross-link FcRI-bound IgE on mast cells or basophils, causing 329 
activation and an inflammatory response in the absence of allergen. Indeed, binding of sFcRI 330 
inhibits sCD23 binding, and vice versa [51,69]. Earlier it was thought that the two binding sites must 331 
overlap, but we know now that although both lie principally within C3, they are far apart from each 332 
other at opposite ends of the domain (Figures 4, 5 and 6). This mutual inhibition is achieved 333 
allosterically [51,69], mainly through changes in the disposition of the C3 domains relative to the 334 
C4 domains. To engage FcRI, the C3 domains must adopt an “open” state (Figure 6a), which 335 
changes the angle between the C3 and C4 domains and prevents binding of CD23 at the C3/C4 336 
interface. However, when CD23 binds, the C3 domains move closer together and this more 337 
“closed” conformation precludes FcRI binding (Figure 6b).  338 
 339 

Not only do the C3 domains undergo these domain motions, but they also appear to have 340 
evolved a high degree of intrinsic flexibility; when compared with other immunoglobulin domains 341 
in terms of hydrophobic core volume or other indicators of dynamics, C3 is clearly an outlier, and 342 
when expressed as an isolated domain it has been described as adopting a “molten globule” rather 343 
than a fully folded state [25,70-74]. Plasticity at the IgE-Fc/CD23 interface [55,75] and ordering of C3 344 
upon FcRI binding [70] has been observed, with entropic contributions to the thermodynamics 345 
and kinetics of receptor binding playing an important role [44]. Remarkably, one of the earliest 346 
biophysical studies of IgE, not long after its discovery, identified the C3 domains as the most 347 
sensitive region of the molecule to heat denaturation [76], and this lability of C3 may in fact be 348 
critical for IgE’s unique receptor-binding properties and inter-site allosteric communication.  349 

 350 
Allosteric effects in IgE-Fc were also observed when the mode of action of the anti-IgE 351 

omalizumab was elucidated through determination of the structure of the complex and studies in 352 
solution [35]. It was discovered that omalizumab binding to IgE-Fc not only “unbends” the molecule 353 
as described above (Figure 2b), but causes the C3 domains to move so far apart that they cannot 354 
engage FcRI, thus allosterically inhibiting FcRI binding while simultaneously inhibiting CD23 355 
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binding orthosterically. Allostery and the conformational dynamics of IgE-Fc lie at the heart of a 356 
potentially even more important phenomenon concerning inhibition of FcRI binding, namely the 357 
observation that it is possible for omalizumab not only to bind to free IgE and block binding to the 358 
receptor, but also to bind to receptor-bound IgE and facilitate its dissociation [35,77,78]. First 359 
reported with another IgE-Fc binding protein, a Designed Ankyrin Repeat Protein or Darpin [79], 360 
the ability of omalizumab to bind to FcRI-bound IgE and cause it to dissociate was a most 361 
unexpected result, but one with exciting clinical potential. Although this “accelerated dissociation” 362 
occurs only at very high concentration, above therapeutic levels of omalizumab [35,77], the 363 
explanation for this phenomenon lies in the fact that even when bound to FcRI, IgE-Fc displays an 364 
ensemble of conformations; binding omalizumab alters the composition of this ensemble, reducing 365 
the energy barrier to IgE/FcRI dissociation [35]. The intrinsic flexibility and allosteric properties of 366 
IgE can thus be exploited therapeutically to actively remove IgE from FcRI. 367 

 368 
Two other anti-IgE antibodies have been found to exploit allosteric effects. MEDI4212 inhibits 369 

FcRI binding orthosterically and CD23 binding allosterically, the latter by locking the C3 domains 370 
in an open conformation [52]. Antibody 8D6, which extends the IgE-Fc as described above (Figure 371 
2d), inhibits FcRI binding both orthosterically and allosterically but does not affect the CD23 372 
interaction [37]; this may prove valuable therapeutically for allergic disease if down-regulation of 373 
IgE production can be effected through the interaction of 8D6/IgE complexes with mCD23 on B cells. 374 
The 8D6 antibody demonstrates that selective inhibition of IgE binding to its two principal receptors 375 
is possible.   376 

6. Antigen (allergen) binding 377 

So far we have focussed on the Fc region of IgE and its receptor interactions. The binding of IgE to 378 
antigens, and in particular to allergenic proteins, has been studied in detail with antibody Fab 379 
fragments, but the flexibility of the IgE molecule as a whole, and in particular its ability to engage 380 
both allergen and its receptors, can only currently be inferred from low resolution electron 381 
microscopy (EM) studies and modelling; there are no high resolution structural data for intact IgE. 382 
EM studies of IgE complex formation with anti-idiotype IgG molecules have shown a relatively 383 
restricted degree of Fab arm flexibility [80], and a recent EM analysis of immune complex formation 384 
with IgE molecules binding to IgE epitopes grafted onto a small protein (myoglobin) framework, 385 
showed that the relative disposition, and in particular the proximity of the epitopes, affected 386 
immune complex formation and their ability to activate effector cells [81]. Modelling of Fab arm 387 
flexibility within the FcRI-bound IgE molecule confirmed this view that the relatively restricted 388 
range of dispositions of the Fabs, together with the particular geometrical arrangement of the 389 
epitopes on the allergen, might be key to an allergen’s potency in effector cell activation [36,38]. 390 
Other important requirements for a potent cellular response, in addition to epitope specificity, are 391 
affinity and the particular combination of antibodies present [82].  392 
 393 

There are now several crystal structures of antibody Fabs binding to their specific epitopes on 394 
protein allergens, although most are murine IgG antibodies raised against the allergen [83-90]; not 395 
all of these may represent epitopes recognised by allergic patients’ IgE antibodies. Two studies 396 
generated IgE Fabs by phage display using combinatorial libraries derived from patients allergic to 397 
either the milk protein -lactoglobulin (Bos d 5) [91] or the grass pollen allergen Phl p 2 [92], although 398 
these almost certainly do not consist of the “natural” VH-VL pairing that occurred in the patient. A 399 
recent study generated a naturally paired VH-VL combination by single B cell cloning of an IgG4 400 
antibody from an allergic patient undergoing immunotherapy with the grass pollen allergen Phl p 7; 401 
this antibody was converted to an IgG1 Fab for the crystal structure analysis of the complex with 402 
allergen, and to IgE for functional analyses [23]. In all of these studies, the allergens were recognised 403 
by the antibodies in a conventional manner, involving many if not all of the CDRs. However, the 404 
most recent study also revealed an additional, unconventional “superantigen-like” interaction 405 

 406 
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 407 

Figure 7. Crystal structures of allergens cross-linking two identical antibody Fab arms. (a) Dimer of 408 
allergen Bos d 5 (monomeric subunits coloured yellow and olive green) recognised classically by two 409 
identical Fab molecules (VH and VL domains indicated) [91]. (b) As a), orthogonal orientation [91]. (c) 410 
Two monomeric molecules of allergen Phl p 7 (coloured green), each independently recognised by 411 
two identical Fab molecules (VH and VL domains indicated) [23]. (d) As c), orthogonal orientation, in 412 
which only one of the two Phl p 7 molecules can be seen, recognised classically by the Fab on the 413 
right, and in a superantigen-like manner by the Fab on the left [23]. 414 

between Phl p 7 and the antibody, involving amino-acid residues of the VL framework region (FR) 415 
[23]. 416 

 417 
The allergen/antibody structures involving conventionally recognised epitopes demonstrate 418 

how an allergen that can dimerise, such as Bos d 5 [91], could cross-link two identical IgE antibodies 419 
(Figures 7a and 7b) and, if FcRI-bound, lead to mast cell or basophil activation. A similar structure 420 
was seen in the complex of two identical Fabs bound to a dimer of the cockroach allergen Bla g 2 [86]; 421 
this allergen in monomeric form can however cross-link two antibodies that recognise epitopes on 422 
opposite faces of the allergen [93], and a similar topology arises for two different antibody Fabs that 423 
bind non-overlapping epitopes on monomeric house dust mite allergen Der p 1 [89]. The 424 
non-conventional, partly FR-mediated recognition of Phl p 7 by an allergic patient’s antibody, 425 
occurring at the same time as conventional CDR-mediated recognition (Figures 7c and 7d), shows 426 
that certain allergens can cross-link identical IgE molecules using this alternative mechanism [23]. B 427 
cell superantigens, such as Staphylococcus aureas Protein A or Peptostreptococcus magnus Protein L, 428 
cross-link antibodies by interacting with their FRs, and thus molecules that cross-link IgE in this 429 
way, such as Protein L, have been termed “superallergens” [94]. Phl p 7 thus displays 430 
“superallergen-like” behaviour, which may contribute to the potency of particular allergens. 431 
Intriguingly, a structure of the monomeric cat allergen Fel d 1 in complex with an IgG Fab that blocks 432 
human IgE binding [90] shows a FR-mediated contact in the crystal which, together with the 433 
CDR-mediated interaction, could cross-link two identical Fabs in a manner very similar to that 434 
depicted for Phl p 7. 435 
 436 

Activation of mast cells or basophils by cross-linking FcRI-bound IgE may thus be envisaged 437 
as shown in Figure 8. The regions of space accessible to the two Fab arms appear to be more 438 
restricted and almost non-overlapping when IgE is bound to receptor: one arm points “parallel” to 439 
the membrane while the other points away [36,38]. These topological constraints may need to be 440 
considered when IgE is used to target cell surface antigens, rather than soluble allergens, to allow 441 
simultaneous engagement with FcRI on effector cells.      442 

 443 
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 444 

Figure 8.  Schematic representation of FcRI-bound IgE cross-linking by soluble allergen. A dimeric 445 
allergen (green) engages two identical IgE antibodies (blue and orange domains) that are bound by 446 
the C3 domains (C4 domains not shown) to the extracellular 1 and 2 domains of FcRI (purple). 447 
This is representative of the structure shown in Figures 7a and 7b; a monomeric allergen could 448 
similarly cross-link two identical IgE molecules as shown in Figures 7c and 7d, or two different 449 
antibodies recognising non-overlapping epitopes. The restricted flexibility of the Fab arms in 450 
receptor-bound IgE may mean that the other arm is important for engagement of cell surface 451 
antigens.        452 

 453 

7. Rationale for harnessing IgE-mediated functions against cancer 454 

IgE is clearly a powerful activator of the immune system by virtue of the Fc receptor interactions 455 
described above, potentiating effector functions and antigen presentation; even well below receptor 456 
saturation levels, tissue-resident immune cells such as mast cells and macrophages enable this 457 
antibody isotype to exert long-lived and powerful immune surveillance in tissues such as the gut, 458 
skin, epithelial and mucosal surfaces. In addition to its contributions to the pathogenesis of allergic 459 
diseases and anaphylactic reactions, IgE plays a physiological role in immune protection against 460 
parasites, triggering inflammatory cascades that cause vasodilation and local enhancement of 461 
protective responses in conjunction with antibodies of other isotypes [95-97]. These latter, less 462 
well-described, attributes of IgE may be of potential significance to applications in cancer 463 
immunotherapy.  464 

 465 

7.1. Epidemiological links between IgE, allergy and cancer 466 

The concept of a role for IgE in conferring immune protection against cancer dates back many 467 
decades, with early studies providing evidence for a role of allergic responses in restricting tumour 468 
xenograft growth in mice, negative correlations between atopy and cancer [98-102], and decreased 469 
prevalence of immediate hypersensitivity in patients with cancer [103]. Immunohistochemical (IHC) 470 
evaluations on head and neck cancer showed that IgE-expressing cells were more abundant in 471 
tumours compared with normal mucosa [104], and a pancreatic cancer patient-derived IgE antibody 472 
could potentiate anti-tumour effector functions [105]. Certain conditions and stimuli that cause 473 
epithelial damage and stress signals may lead to the induction of an adaptive immune response 474 
favouring B cell class switching to IgE, which can restrict cancer growth. Such protective functions 475 
have been reported following local exposure of skin to environmental DNA-damaging stress signals, 476 
which triggered adaptive immune responses and production of IgE antibodies that conferred 477 
protection from epithelial carcinogenesis [106]. Subsequent findings of inverse associations between 478 
allergic or atopic status and protection from cancer varied significantly. Inverse associations of 479 
allergic or atopic disease with the risk of developing specific malignancies including glioma, 480 
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pancreatic cancer, lymphatic/hematopoietic, gastrointestinal, skin and gynaecological origin 481 
tumours have been reported [107-111], although significant limitations of such studies include 482 
reliance of self-reported symptoms of allergy and lack of specific measurable biomarkers. More 483 
recent studies examined eosinophil counts and skin prick test positivity, as well as titres of IgE and 484 
allergen-specific IgE, with some reporting reduced risk of developing specific cancers, and reduced 485 
risk of developing cancer overall [110-113]. Although taken together, epidemiological reports point 486 
to complex relationships between allergies, IgE levels and carcinogenesis, tantalising evidence also 487 
supports a functional role for IgE as a passive or active component in anti-tumour responses.  488 
 489 

7.2. Features of IgE that may translate to immune protective functions against tumours 490 

To date, therapeutic monoclonal antibodies designed for the treatment of cancers are typically 491 
engineered with Fc regions belonging to the IgG isotype. IgG1 is typically chosen when effector 492 
functions are required, while IgG4 is preferred when Fc-mediated attributes are not desired. 493 
However, until recently, antibodies of other isotypes such as IgE or IgA had never been tested in 494 
humans [114-116].  495 
 496 

In our studies we hypothesised that several unique attributes of IgE could form a powerful 497 
immunological profile suitable for immunotherapy of solid tumours such as ovarian carcinomas 498 
[117]. These include high affinity for cognate receptors on a different set of immune cells to those 499 
engaged by IgG, long tissue residency and immune surveillance, ability to potentiate strong effector 500 
functions at relatively low levels of Fc engagement with effector cells, and lack of inhibitory Fc 501 
receptors. 502 

 503 
High affinity for cognate receptors: The affinity of IgE for FcεRI is typically 100- to 10,000-fold 504 

higher than those of the clinically used IgG isotypes for their Fcγ receptors. Additionally, the avidity 505 
of IgE for trimeric CD23 is comparable to that measured with IgG-FcγRI complexes. These 506 
properties mean that IgE can persist on immune cells in the absence of antigen complex formation. If 507 
IgE antibodies are directed against cancer antigens, these features could be highly beneficial in 508 
ensuring potent effector functions, long persistence and immune surveillance at tumour sites. 509 

 510 
Lack of inhibitory Fc receptors: IgE antibodies have no known inhibitory Fc receptors to moderate 511 

effector functions. This contrasts with IgG, which is subject to control by the inhibitory receptor, 512 
FcγRIIb, known to be upregulated in the tumour microenvironment (TME) of different cancer types. 513 
Lack of an inhibitory FcεR may mean that IgE is not subjected to suppressive influences imposed on 514 
IgG by tumours. 515 

 516 
Long immune surveillance in tissues: The half-lives of IgE and IgG antibodies vastly differ in the 517 

circulation and tissues: 1.5 days for IgE and 2-3 weeks for IgG in the serum, partly due to the lack of 518 
FcRn binding by IgE. The opposite is true in tissues such as the skin, where the half-life of IgE is 519 
approximately 2 weeks compared with 2-3 days for IgG [118,119]. Long tissue residency and 520 
immune surveillance in the presence of FcR-expressing effector cells, may have potential benefits if 521 
directed against cancers. These may include epithelial and skin tumours such as malignant 522 
melanomas, squamous cell and ovarian carcinomas. 523 

 524 
Presence of IgE immune effector cells in tumours: The inflammatory milieu of the TME may include 525 

FcεR-expressing immune effector cells such as monocytes, macrophages, mast cells, dendritic cells 526 
(DCs) and eosinophils. Although pro-tumoural or tumour-tolerant subsets of these cells may lack 527 
the ability to mount an anti-tumour attack, it is possible that cells armed by tumour antigen-specific 528 
IgE tightly bound on FcεRs could overcome tolerant phenotypes. 529 

 530 
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Fc-mediated effector functions: IgE can potentiate a range of effector functions through 531 
engagement of FcεRI and CD23. These include: antibody-dependent cell-mediated cytotoxicity 532 
(ADCC) by immune cell types including monocytes, macrophages, eosinophils and mast cells, with 533 
release of toxic mediators (e.g. nitric oxide), proteases, cytokines and chemokines (e.g. tumour 534 
necrosis factor, TNFα, macrophage chemoattractant protein-1, MCP-1) associated with target cell 535 
lysis; antibody-dependent cell-mediated phagocytosis (ADCP) by macrophages and monocytes; 536 
mast cell and basophil degranulation leading to the release of proinflammatory mediators, and 537 
enhancement of immune cell recruitment and activation at the antigen challenge sites (Figure 9). 538 
These attributes could result in enhanced immune cell recruitment, surveillance and anti-tumour 539 
functions.  540 

 541 
Exerting anti-parasite effector functions: The physiological roles of IgE in protective immune 542 

responses against parasites are well-documented. Anti-parasitic IgE and IgE loaded on effector cells 543 
such as eosinophils have been shown to confer protection against different parasites (e.g. Schistosoma 544 
mansoni) [121]. IgE engaged with FcεRI or CD23 can engender parasite clearance by human 545 
eosinophils, platelets and macrophages through ADCC and ADCP [122,123]. Furthermore, high 546 
serum titres of parasite antigen-specific IgE have been associated with resistance to infection 547 
[124,125]. Macrophages, eosinophils and mast cells have all been reported to be involved in these 548 
protective mechanisms [5,97,123,126,127]. IgE-mediated immune clearance of large parasites in 549 
tissues, including Th2-biased environments such as the gut, draws parallels with conditions in solid 550 
tumours in which a similar Th2 inflammatory milieu and the presence of immune cells such as 551 
macrophages may form appropriate environments in which IgE could act to eradicate tumours by 552 
similar mechanisms. 553 

 554 
Overcoming antibody blockade mechanisms associated with Th2-biased tumour conditions: 555 

Tumour-associated production of alternatively-activated (e.g. IL-10-driven) rather than 556 
classically-activated (IL-4-driven) Th2 environments may support local antibody class switching to 557 
inflammatory and immunologically inert isotypes such as IgG4. Th2-biased inflammatory states that 558 
favour B cell class switching to IgG4 have long been identified in IgG4-related diseases characterised 559 
by chronic inflammation, circulating IgG-positive plasmablasts and high infiltration of 560 
IgG4-producing plasma cells in various tissues [128-130]. Alternative Th2 activation states have also 561 
been reported in several solid tumour types including pancreatic cancer, extrahepatic 562 
cholangiocarcinoma, melanoma and non-small cell lung cancer [131-135]. These pathological 563 
conditions, likely to be promoted by a combination of a Th2-biased inflammatory milieu and long 564 
antigen exposure, may signify that immune responses are driven away from the classical Th2-based 565 
class switching to IgE, in favour of IgG4. Evidence points to IgG4 antibodies not only being 566 
immunologically inert, but importantly being able to impair the immune-activating functions of 567 
otherwise cytotoxic IgG1 antibodies [135,136]. Numerous mechanisms may be at play, including 568 
competition for FcγR engagement with other IgGs, Fab arm exchange, and signalling though 569 
inhibitory Fc receptors, all supporting immunosuppressive signals [131,137]. The latter could have 570 
implications not only for modulating the endogenous humoral immune response but also for 571 
restricting the potency of IgG1 therapies. These regulatory mechanisms may offer opportunities to 572 
design anti-tumour IgE antibodies that function through a different Fc receptor, which could be less 573 
prone to the immunosuppressive signals that impair IgG functions against cancer. 574 

 575 
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 577 

Figure 9. IgE functions against cancer cells. IgE can potentiate Fc-mediated effector functions by 578 
engaging cognate receptors on immune effector cells such as monocytes, macrophages, neutrophils, 579 
eosinophils, basophils and mast cells. Antibody-dependent cell-mediated cytotoxicity (ADCC), and 580 
degranulation can result in the release of various toxic and pro-inflammatory mediators, including 581 
proteases, cytokines, chemokines, and histamine, which, together with antibody-dependent 582 
cell-mediated phagocytosis (ADCP), can result in enhanced anti-tumour functions and immune cell 583 
recruitment. IgE can also engage APCs to enhance antigen uptake and presentation. Like anti-cancer 584 
IgG antibodies, IgE may also exhibit direct effects against cancer cells, such as receptor dimerisation 585 
inhibition and reductions in cancer cell growth signalling. Figure adapted by permission from Taylor 586 
& Francis [Josephs, D.H. et al. IgE immunotherapy: a novel concept with promise for the treatment of 587 
cancer. mAbs 2014, 6, 54-72 [117]] and John Wiley & Sons, Inc. [Jensen-Jarolim, E. et al. 588 
AllergoOncology - the impact of allergy in oncology: EAACI position paper. Allergy 2017, 72, 866-887 589 
[120]]. 590 

 591 
Engaging antigen presenting cells to stimulate effective adaptive immune response: IgE can engage 592 

with APCs to enhance antigen uptake and presentation to cognate T cells (Figure 9). IgE engagement 593 
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with FcεRI can cross-present antigen, priming a cytotoxic T lymphocyte (CTL) response [138,139]. 594 
Through such mechanisms, IgE has been reported to confer protective anti-tumour immunity and 595 
trigger memory responses. These antigen presentation-boosting attributes could be important in the 596 
TME where the functions and maturation of professional antigen presenting cells may be impaired. 597 

 598 

8. Pre-clinical studies of IgE antibodies targeting cancer antigens: the advent of AllergoOncology 599 

The development of immunologically active, antibody-based targeted therapies with potent 600 
Fc-mediated effector mechanisms has revolutionized the treatment of cancer patients with 601 
previously difficult to treat tumours [140]. A promising branch of this discipline is the emerging 602 
field of AllergoOncology, which focuses on Th2 and IgE-mediated immune responses in the cancer 603 
context [120,141-143]. Research in this field has opened the way for the development of IgE-based 604 
immunotherapy approaches, including monoclonal IgE antibodies as anti-cancer treatments 605 
[117,144]. 606 
 607 

The specific attributes of IgE described above, including natural immune activatory functions in 608 
tissues and high affinity for cognate receptors, have been proposed as a strategy for cancer 609 
immunotherapy. Antibodies engineered with IgE Fc regions, and designed to recognise 610 
tumour-associated antigens, may promote immune cell recruitment into tumours, and both direct 611 
and activate the Th2-biased immune stroma against cancer. Longer tissue-resident immune 612 
surveillance may then translate to anti-cancer efficacy. Therapeutic approaches have been developed 613 
to harness the immune-activating functions of IgE for cancer immunotherapy, including: IgE-coated 614 
cell vaccines, IgEs as adjuvants, vaccination approaches to trigger IgE-biased immune responses 615 
against tumour antigens, and recombinant IgE recognising tumour antigens. Here we will focus on 616 
the development of recombinant IgE antibodies [144]. Furthermore, we place specific emphasis on 617 
MOv18 IgE, as the first-in-class agent that has undergone extensive pre-clinical efficacy and safety 618 
evaluations in several model systems, prior to reaching clinical testing in patients with cancer. 619 

 620 

8.1. Engineering platforms for production of IgE antibodies for research and clinical translation 621 

Developing IgE antibodies that recognise cancer antigens relies on appropriate expression systems 622 
and protocols to facilitate antibody cloning and production. Since the development of hybridoma 623 
technology five decades ago, novel recombinant DNA technology, genetic manipulation and 624 
advances in cell biology have led to remarkable improvements in therapeutic recombinant antibody 625 
engineering [145]. Although significant efforts have focused on the optimization of expression 626 
platforms for IgG [146], relatively meagre investment has been directed towards engineering IgE. 627 
 628 

The study and clinical translation of IgE antibodies requires efficient and scalable production 629 
processes, but these have historically been characterised by low and variable yields. Despite this, 630 
several groups have shown that recombinant IgE antibodies can be produced using various cloning 631 
strategies. In early studies, restriction enzyme-based cloning methodologies were successfully 632 
employed using murine expression host cells to derive stable expression platforms, with Sp2/0 [147] 633 
and FreeStyleTM-293F [148] cell lines, reaching production yields in the range of 8-25 mg/L. 634 
Recombinant IgE antibodies have also been produced using transient expression platforms with 635 
human (HEK293T, FreeStyleTM-293F, Expi293FTM cells), insect- and plant-based systems, reaching 636 
yields of 30 mg/L [41,82,149,150]. More recent transient expression protocols have been 637 
implemented, which take advantage of Polymerase Incomplete Primer Extension (PIPE) cloning 638 
[151]. PIPE does not rely on restriction or other recombination sites, and can help expedite antibody 639 
cloning, a strategy that we have applied to IgE antibody production [152].  640 
  641 

We recently developed a highly-expressing stable recombinant IgE expression system for rapid 642 
production of functional antibody with features that allow scale-up for potential clinical evaluations 643 
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[153]. For this we implemented PIPE cloning and generated a vector containing the Ubiquitous 644 
Chromatin Opening Elements (UCOE) sequence located upstream of the transgene promoter to 645 
prevent promoter silencing. UCOE allows the expression of the transgene even if it is randomly 646 
integrated in a heterochromatin region [154]. This platform improves IgE yields to 87 mg/L per day, 647 
at least 33-fold higher production within 4 days compared with the best stable IgE expression system 648 
documented to date, and in small culture volumes of 25 mL with the potential for further scale-up 649 
production. 650 

 651 
These findings suggest that, as with IgG antibody production, IgE can be produced using a 652 

range of expression systems and with sufficient yields to facilitate functional evaluation and 653 
translation to clinical testing. Further efforts in the field promise to improve upon existing platforms 654 
for use in pre-clinical studies, process development, Good Manufacturing Practice (GMP) 655 
production and supply of material suitable for clinical studies. Other developments in antibody 656 
discovery such as knock-in mouse strains used to derive IgE antibodies by hybridoma techniques, 657 
phage display approaches using human antibody variable region repertoire libraries and single B 658 
cell cloning techniques may also be applicable [155-157]. 659 

 660 
Recombinant IgE antibody production has advanced significantly with several already 661 

engineered and tested in vitro and in vivo. There is however room for further development of 662 
improved and effective production systems that can be translatable to GMP environments and 663 
scale-up for clinical studies. 664 

 665 

8.2. Functional evaluations of anti-tumour IgEs 666 

8.2.1. In vitro and in vivo functional profiles of engineered IgEs targeting several cancer antigens 667 

Antibody engineering has yielded the first generation of IgE antibodies that have been studied in 668 
vitro and in vivo in numerous model systems. Anti-tumour IgE antibodies can engage various 669 
immune effector cells such as mast cells and basophils expressing high levels of tetrameric FcεRI 670 
(2), and monocytes and eosinophils that express trimeric FcεRI (2) at lower levels. Studies in 671 
vivo have been conducted in various mouse immunocompetent models. However, human IgE-Fc 672 
does not cross-react with mouse FcεR and, unlike in humans, mouse FcεRs are only expressed by 673 
mast cells and basophils, making the mouse immune system less suitable for the study of human IgE 674 
functions. However, transgenic mouse models have shown significant tumour-restricting abilities of 675 
IgE with human Fc domains. Examples of several monoclonal IgE antibodies evaluated over the last 676 
30 years are discussed below. 677 
 678 

A mouse IgE recognising the mammary tumour virus (MMTV) major envelope glycoprotein 679 
(gp36) was tested in an immunocompetent syngeneic mammary carcinoma. The antibody restricted 680 
the growth of subcutaneous (s.c.) mammary tumours compared with controls [158]. Another murine 681 
IgE recognising a colorectal cancer antigen (CCA) restricted the growth of a s.c. tumour in an 682 
antigen-specific and species-specific manner at concentrations far lower than those required for the 683 
equivalent IgG to engender the same effect [159]. A fully-human anti-HER2/neu IgE (C6MH3-B1 IgE) 684 
restricted the growth of intraperitoneal (i.p.) tumours compared to vehicle controls and prolonged 685 
the survival of human FcεRIα-transgenic mice [160]. The same agent was well tolerated when 686 
administered in cynomolgus monkeys, albeit at very low doses (up to 80 µg/kg). Another IgE 687 
specific for the epithelial tumour antigen MUC-1 restricted cancer growth when expressed locally in 688 
tumours along with chemoattractant mediators MCP-1 and IL-5 [161]. Furthermore, a mouse/human 689 
chimeric IgE antibody (clone AR47.47) recognising the prostate specific antigen (PSA) enhanced 690 
antigen presentation by DCs, and triggered CD4+ and CD8+ T cell responses. The same antibody 691 
complexed with its antigen prolonged the survival of human FcεRIα-transgenic mice subsequently 692 
challenged with prostate cancer cells [162]. 693 
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 694 
Human/mouse chimeric anti-HER2/neu IgE, and anti-EGFR (epidermal growth factor receptor) 695 

IgE, engineered from the original trastuzumab and cetuximab (IgG1) clones respectively, were 696 
shown to engender ADCC by human monocytic cells [163,164]. Specifically, anti-EGFR IgE triggered 697 
superior ADCC functions (70%) against cancer cells, compared with the corresponding IgG1 (30%) 698 
[164]. However, some episodes of anaphylaxis were observed in some patients with EGFR-positive 699 
tumours who received the anti-EGFR human/chimeric monoclonal IgG1 antibody cetuximab. These 700 
were caused by the presence of pre-existing IgE antibodies specific for the oligosaccharide 701 
galactose-α-1,3- galactose (α-Gal) on SP2/0-expressed cetuximab in a subset of individuals [165,166]. 702 
Furthermore, humans are known to carry IgG and IgM antibodies recognising α-Gal [167], and it is 703 
possible that these endogenous antibodies could have neutralised the anti-tumoural effects of 704 
cetuximab. Therefore, caution should be exercised in translating IgE class antibodies recognising 705 
EGFR on the grounds of safety and efficacy. An anti-human CD20 IgE triggered 706 
eosinophil-mediated ADCC and mast cell activation and killing of CD20-expressing tumour cells. 707 
Anti-HER2/neu, anti-EGFR, anti-CD20, anti-folate receptor alpha (FRα) IgE and anti-prostate specific 708 
antigen (PSA) IgE antibodies were all able to trigger rat basophil leukaemia (RBL) SX-38 mast cell 709 
degranulation when cross-linked in different ways including soluble antigen/polyclonal antibody 710 
complexes, cancer cells expressing multiple copies of the target antigen, and polyclonal anti-IgE. 711 
Furthermore, anti-HER2/neu (trastuzumab) IgE demonstrated the ability to exert direct effects on 712 
tumour cell viability in the absence of effector cells, equivalent to those reported to be triggered by 713 
trastuzumab IgG [163]. This supports the notion that anti-tumour IgE antibodies may be capable of 714 
engendering direct effects attributed to IgG equivalent agents, whilst perhaps still able to harness 715 
class-specific effector functions (Figure 9). 716 

 717 
The progress of the first-in-class monoclonal IgE antibody (MOv18) recognising a 718 

tumour-associated antigen to an early clinical trial in oncology is the exemplar advance in the field. 719 
Based on this development, herein we will focus on the evaluation and translation of this 720 
recombinant antibody, and efforts to translate IgE class therapeutic agents to clinical testing. If firstly 721 
safety, and secondly efficacy of this first-in-class agent could be demonstrated in the clinic, this will 722 
pave the way for further study and translation of the above-mentioned antibodies, as well as other 723 
novel anti-cancer antibodies of this class. 724 

 725 
 726 

8.2.2. MOv18 IgE, the first anti-tumour IgE to reach clinical testing: evaluation of in vitro effector 727 
functions 728 

An IgE antibody that has progressed to clinical testing is MOv18, a mouse/human chimeric 729 
monoclonal IgE antibody that recognises the tumour-associated antigen Folate Receptor alpha (FRα) 730 
(NCT02546921, www.clinicaltrials.gov). FRα is highly expressed in > 70% of ovarian carcinomas and 731 
other tumour types and has low and restricted expression distribution in normal tissues [168,169]. 732 
The IgG1 version of MOv18 has undergone early clinical trials as a therapeutic and imaging agent in 733 
patients with ovarian carcinomas, and treatment has been well tolerated [170-173]. FRα is considered 734 
a promising target for cancer therapy, with considerable evidence that either directing therapeutic 735 
antibodies to this receptor, or its inhibition by small molecules, is well-tolerated in man [174-178].  736 
 737 

In vitro, mouse/human chimeric MOv18 IgE activated human peripheral blood mononuclear 738 
cells (PBMCs) to kill ovarian cancer cells, compared with background cancer cell death with 739 
nonspecific mouse/human chimeric anti-4-hydroxy-3-nitro-phenacetyl (NIP) IgE, or no antibody 740 
controls [179]. Human monocytes were subsequently identified as important effector cells in 741 
PBMCs, based on live imaging studies in which IGROV1 ovarian cancer cells were found to contact 742 
one or more CD14-labelled human monocytes within 30 minutes of incubation of PBMCs and 743 
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IGROV1 cells together with MOv18 IgE. Phagocytosis of tumour cells was evident after 90 minutes 744 
of incubation, with IGROV1 cells becoming fragmented by 3 hours (Figure 10a).  745 
 746 

Following stimulation by IL-4, which is often released from IgE-sensitized basophils and mast 747 
cells, CD23 can be upregulated on monocytes, eosinophils and platelets. Interaction of IgE with 748 
CD23 may also have a role in ADCP of target cells by effector cells, as shown by its natural protective 749 
role in clearance of parasites. This function has also been described with MOv18 IgE. Human 750 
monocytes expressing FcεRI on the cell surface triggered IgE-mediated ADCC of tumour cells, while 751 
IL-4 stimulated monocytes killed FRα-expressing tumour cells by both ADCC and ADCP, compared 752 
to background levels of tumour cell death with NIP IgE and no IgE controls (Figure 10b). Specific IgE 753 
Fc receptor blockade studies in vitro confirmed that MOv18 IgE-dependent ovarian tumour cell 754 
killing had an ADCC component, primarily mediated by FcεRl. and an ADCP component, primarily 755 
mediated by CD23 [180,182]. 756 

 757 
The ability of MOv18 IgE to trigger functional degranulation was examined with RBL SX-38 758 

cells engineered to over-express the human tetrameric FcεRI. Exposure of the RBL SX-38 cells to 759 
MOv18 IgE alone did not induce significant degranulation; however cross-linking MOv18 IgE 760 
bound to the effector cell surface using either a polyclonal anti-IgE antibody or FRα-expressing 761 
cancer cells induced appreciable degranulation (Figure 10c) [181]. Eosinophils are key IgE effector 762 
cell types known to express low levels of FcεRI, but not CD23 [183]. Eosinophils mediated elevated 763 
ADCC (32.4%) with MOv18 IgE above isotype controls, and microscopical evaluations revealed 764 
contact between eosinophils and tumour cells, frequently accompanied by eosinophil degranulation, 765 
loss of tumour cell architecture, and apparent tumour cell death (Figure 10d) [182]. Our findings 766 
were consistent with data by Teo and colleagues who also reported the eosinophil-mediated ADCC 767 
functions by an anti-CD20 IgE antibody [161]. Interestingly, previous studies showed lack of 768 
eosinophil activation by IgE cross-linked with allergens. These differences could relate to the density 769 
of the target antigen. Tumour cells express very high numbers of tumour associated-antigens on 770 
their surface, crosslinking of which may be required to deliver an activatory signal through the 771 
lowly expressed FcεRI on eosinophils. However, this may not be the case for crosslinking of FcεRI by 772 
IgE complexed with multivalent allergens of much lower valency [184]. In the cancer context, the 773 
target antigen density could therefore be critical to triggering eosinophil-mediated anti-tumour IgE 774 
effector functions. 775 

 776 
These studies established that MOv18 IgE could mediate effector functions such as 777 

degranulation and tumour cell killing via both cytotoxicity (ADCC) and phagocytosis (ADCP) by 778 
activating known IgE effector cells. 779 

 780 
 781 
 782 
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 783 
 784 

Figure 10. In vitro evaluations of MOv18 IgE. (a) Live imaging studies showed contact between 785 
IGROV1 ovarian cancer cells and CD14-labelled human monocytes within 30 minutes of incubation 786 
of PBMCs and IGROV1 cells together with MOv18 IgE. Following 90 minutes, phagocytosis of 787 
tumour cells was evident and IGROV1 cells became fragmented by 3 hours [179]. Figure adapted by 788 
permission from John Wiley & Sons, Inc. [Karagiannis, S.N. et al. Activity of human monocytes in IgE 789 
antibody-dependent surveillance and killing of ovarian tumor cells. Eur. J. Immunol. 2003, 33, 790 
1030-1040 [179]]. (b) Human monocytes expressing cell-surface FcεRI triggered MOv18 791 
IgE-mediated ADCC of IGROV1 ovarian cancer cells, and IL-4 stimulated monocytes with 792 
up-regulated CD23 expression, killed tumour cells by both ADCC and ADCP compared to 793 
background levels mediated by non-specific NIP IgE and no IgE controls [180]. Figure adapted by 794 
permission from Springer Nature. [Karagiannis, S.N. et al. Role of IgE receptors in IgE 795 
antibody-dependent cytotoxicity and phagocytosis of ovarian tumor cells by human monocytic cells. 796 
Cancer Immunol. Immunother. 2008, 57, 247-263 [180]]. (c) Appreciable degranulation of RBL SX-38 797 
cells was triggered by cross-linking of cell surface receptor-bound MOv18 IgE by polyclonal anti-IgE 798 
antibody (left) or FRα-expressing cancer cells (right) [181]. Figure adapted by permission from John 799 
Wiley & Sons, Inc. [Rudman, S.M. et al. Harnessing engineered antibodies of the IgE class to combat 800 
malignancy: initial assessment of FcɛRI-mediated basophil activation by a tumour-specific IgE 801 
antibody to evaluate the risk of type I hypersensitivity. Clin. Exp. Allergy, 2011, 41, 1400-1413 [181]]. 802 
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(d) MOv18 IgE-mediated killing of IGROV1 ovarian cancer cells by primary human eosinophils 803 
(right) and microscopic evaluations revealed interactions between IGROV1 cells and eosinophils, 804 
and IGROV1 tumour cell destruction alongside piecemeal degranulation of eosinophils, following 805 
2.5 hours incubation with MOv18 IgE, but not with non-specific NIP IgE (right) [182]. Figure adapted 806 
by permission from The American Association of Immunologists, Inc. [Karagiannis, S.N. et al. 807 
IgE-antibody-dependent immunotherapy of solid tumors: cytotoxic and phagocytic mechanisms of 808 
eradication of ovarian cancer cells. J. Immunol. 2007, 179, 2832-2843 [182]]. 809 

The American Association of Immunologists 810 

8.2.3. In vivo efficacy studies of MOv18 IgE 811 

The ability of MOv18 IgE to restrict tumour growth in vivo was studied against different rodent 812 
models including human tumour xenografts established in immunodeficient (SCID and nu/nu) 813 
mice. In immunodeficient mouse models, human effector cell populations were co-administered 814 
with MOv18 IgE because: a) human IgE-Fc is not recognised by mouse FcεRs, and b) in mice the 815 
high-affinity IgE receptor FcεRI is expressed only by mast cells and basophils, and is absent in key 816 
effector cells such as monocytes and eosinophils. These studies therefore took place in an in vivo 817 
system containing both target and effector cells of human origin. 818 
 819 

In a s.c. human ovarian cancer (IGROV1) xenograft grown in a SCID mouse model, animals 820 
administered with mouse/human chimeric MOv18 IgE or MOv18 IgG1 intravenously (i.v.) exhibited 821 
an initial inhibition of tumour growth up to day 19 post-tumour challenge. However, the tumours in 822 
mice administered PBMCs and MOv18 IgG1 subsequently grew to the same size as controls. In 823 
contrast, mice administered PBMCs and MOv18 IgE exhibited reduced growth of up to 72% by day 824 
35 post-challenge. In a range of experiments in this model, a single treatment with MOv18 IgE and 825 
PBMC significantly restricted the growth of ovarian tumours (Figure 11a) [147]. In specimens 826 
sampled at the end of these studies, tumours from the mice that received PMBCs and MOv18 IgE 827 
showed significantly larger areas of necrosis compared with those from mice treated with 828 
non-specific control IgE plus PBMCs, or those given PBMCs alone. Furthermore, when administered 829 
to IGROV1 xenograft mice in the absence of human PBMC, MOv18 IgE did not significantly inhibit 830 
tumour growth. Therefore, in the IGROV1 xenograft model, the anti-tumour efficacy of MOv18 IgE 831 
was found to be reliant on the presence of both an effector cell population and an IgE targeted to a 832 
tumour-expressed antigen. 833 

 834 
Subsequently, a patient-derived xenograft (PDX) model of ovarian cancer was established from 835 

a human primary tumour sample, originating from the ascites of a moderately differentiated Grade 836 
3, stage III ovarian serous cystadenocarcinoma. This PDX could be passaged in nude mice while 837 
retaining its human phenotype and was found to express FRα. In efficacy studies using this model, 838 
nude mice were challenged with i.p. ascites from donor human xenograft-bearing mice and were 839 
then treated with saline, human PBMCs or PBMCs plus MOv18 IgE on days 1 and 16. The mean 840 
survival time of control mice was 22 days, for those administered PBMCs alone it was 30 days, while 841 
for those administered PBMCs plus MOv18 IgE, mean survival time was 40 days [179]. In a study 842 
comparing the efficacy of weekly doses of MOv18 IgG and IgE in this model, untreated mice 843 
survived for a median of 19 days, those administered PBMCs alone survived for 26 days, those 844 
administered PBMC plus IgG1 survived for 22 days, and those administered PBMC plus IgE 845 
survived for 40 days (Figure 11b). 846 

 847 
One limitation of studies in mouse models is the need to introduce exogenous human effector 848 

cells, thus limiting the immune functions of the model and the possible duration of study as 849 
exogenous effector cells become depleted. Therefore, an immunocompetent syngeneic tumour 850 
model in Wistar Albino Glaxo (WAG) rats was designed to study efficacy as well as safety of MOv18 851 
IgE prior to clinical translation. This model was selected based on similar expression and cellular 852 
distribution of FcεRI in rats and humans. Rat CC531 colon adenocarcinoma cells [186], engineered to  853 

http://www.aai.org/
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 854 
 855 

Figure 11. In vivo evaluations of MOv18 IgE. (a) In a s.c. human ovarian cancer (IGROV1) xenograft 856 
grown in a SCID mouse model, reduced tumour growth was measured in animals treated with 857 
PBMC plus MOv18 IgE, even at day 35 post tumour challenge. In comparison, animals treated with 858 
PBMC plus MOv18 IgG1 showed initial inhibition of tumour growth at day 19, but by day 35 859 
tumours grew to the same size as controls [147]. Figure adapted by permission from John Wiley & 860 
Sons, Inc. [Gould, H.J. et al. Comparison of IgE and IgG antibody-dependent cytotoxicity in vitro and 861 
in a SCID mouse xenograft model of ovarian carcinoma. Eur. J. Immunol. 1999, 29, 3527-3537 [147]]. 862 
(b) In an orthotopically-grown (i.p.) patient-derived xenograft (PDX) model of ovarian cancer, mice 863 
treated with weekly doses of PBMC plus MOv18 IgE showed superior survival compared to 864 
untreated animals and those treated with either PBMC alone or PBMC plus MOv18 IgG [179]. Figure 865 
adapted by permission from John Wiley & Sons, Inc. [Karagiannis, S.N. et al. Activity of human 866 
monocytes in IgE antibody-dependent surveillance and killing of ovarian tumor cells. Eur. J. 867 
Immunol. 2003, 33, 1030-1040 [179]]. (c) Left panel: In an immunocompetent syngeneic tumour model 868 
in WAG rats, significantly superior tumour growth restriction was measured in animals treated 869 
fortnightly with 10 mg/kg rat MOv18 IgE compared to the rat IgG2b equivalent. Right panel: 870 
Representative images of Indian ink-stained rat lungs (left) and lung sections (right) from each 871 
treatment group are shown [185]. Figure adapted by permission from American Association for 872 
Cancer Research. [Josephs, D.H. et al. Anti-Folate Receptor-α IgE but not IgG Recruits Macrophages 873 
to Attack Tumors via TNFα/MCP-1 Signaling. Cancer Res. 2017, 77, 1127-1141 [185]]. 874 

 875 
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express the human FRα (CC531tFR), were administered i.v. to grow as multifocal syngeneic lung 876 
metastases, and rats were administered a rat surrogate for the mouse/human chimeric MOv18 IgE 877 
engineered with rat Fc domains and respective effector functions (rat MOv18 IgE). This system 878 
permitted targeting of the rat immune system to rat tumour cells by an anti-FRα IgE. Significant 879 
efficacy of rat MOv18 IgE in restricting the growth of lung metastases was observed at doses of 880 
5 mg/kg and higher when the antibody was administered fortnightly, compared with controls [185]. 881 
The efficacy of rat MOv18 IgE and the equivalent rat IgG2b was then compared: at a 10 mg/kg 882 
fortnightly dose, rat MOv18 IgE was significantly superior at restricting tumour growth (Figure 11c). 883 

 884 
 885 
Overall, in three models of cancer including a patient-derived xenograft and an 886 

immunocompetent syngeneic model, the anti-tumour efficacy of MOv18 IgE was reliant on the 887 
presence of both an effector cell population and tumour antigen specificity. Furthermore, 888 
anti-tumour IgE was more effective than the corresponding IgG. 889 

 890 

8.3. Evidence for IgE activating monocytes and macrophages against cancer 891 

8.3.1. Monocytes and macrophages as key effector cells in MOv18 IgE-potentiated anti-tumour 892 
functions  893 

The mechanisms by which IgE antibodies can exert their anti-tumour effects have been studied and 894 
several pieces of evidence support a role for monocytes and macrophages as key effector cells.  895 
 896 

In vitro evidence for monocyte-mediated effector functions: Monocytes mediate MOv18 897 
IgE-dependent tumour cell killing in vitro by two pathways, ADCC and ADCP, acting through FcεRI 898 
and CD23 respectively. FcεRI-expressing primary monocytes principally exert ADCC. MOv18 899 
IgE-potentiated ADCC by monocytes could be blocked with recombinant sFcεRIα [180,182,187], but 900 
monocytes could kill tumour cells by ADCP, a function mediated by CD23. MOv18 IgE antibodies 901 
can thus engage both receptors to activate effector cells against tumour cells in vitro and in vivo.  902 
 903 

Evidence of macrophage involvement in IgE functions in mouse models: Pre-clinical in vivo studies in a 904 
PDX model suggested that monocytes and macrophages may be important IgE receptor-expressing 905 
effector cells that mediate enhanced survival of tumour-bearing mice treated with MOv18 IgE and 906 
human PBMCs. Treatment with MOv18 IgE was associated with histological evidence of tumour 907 
infiltration by CD68+ human monocyte-derived macrophages [180,182], suggesting that these were 908 
recruited as part of IgE-mediated anti-tumour functions. Human macrophages were concentrated in 909 
stromal areas adjacent to tumour cell islands, while mouse monocytes were abundant in all 910 
xenografts examined, irrespective of treatment. In MOv18 IgE-treated mice, human CD68+ 911 
macrophage infiltration correlated with longer survival [185]. In the same PDX model, removal of 912 
monocytes from the PBMC effector cells abolished the anti-tumour activity of co-administered 913 
PBMCs and MOv18 IgE [182]. Reconstitution of monocyte-depleted PBMCs with purified 914 
monocytes at proportions equivalent to those in unfractionated PBMCs restored the ability of 915 
PBMCs and MOv18 IgE to increase survival to levels equivalent to those seen in mice given whole 916 
PBMCs and MOv18 IgE. This survival was significantly longer than monocyte-reconstituted PBMCs 917 
alone, or depleted PBMCs with and without MOv18 IgE.  918 

 919 
In vivo evidence of IgE-mediated macrophage activation in a surrogate rat model: The mechanisms of 920 

action of rat MOv18 IgE in the WAG rat model were examined. Haematoxylin and eosin-stained 921 
tumours from different treatment groups in the WAG rat studies revealed more prominent loss of 922 
viability, density and demarcation of the tumour areas in rat MOv18 IgE-treated tumours compared 923 
to those from animals treated with rat MOv18 IgG2b or buffer alone. Rat MOv18 IgE-treated 924 
tumours demonstrated evidence of considerable necrotic tissue surrounding the smaller tumour cell 925 
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populations, consistent with previously reported tumour necrosis observed in human xenografts. 926 
Inflammatory cells infiltrating between the islands of tumour cells were considerably more 927 
pronounced in the rat MOv18 IgE-treated tumours [185]. 928 

 929 
The density and location of tumour-associated rat CD68+ macrophages in tumours from rats 930 

treated with vehicle control, rat MOv18 IgG and rat MOv18 IgE were studied by IHC and flow 931 
cytometric analyses of freshly isolated tumour-bearing lung tissues. CD68+ rat macrophages were 932 
detected in the TME from all treatment groups by IHC evaluations. Flow cytometric analyses also 933 
revealed that the percentage of CD68+ rat macrophages within the tumour-infiltrating CD45+ 934 
leukocyte population was higher in the rat MOv18 IgE-treated cohort compared to the rat MOv18 935 
IgG2b-treated or the vehicle alone-treated cohorts. Systemic rat MOv18 IgE treatment was associated 936 
with macrophage infiltration deep into the tumour islets. By contrast, macrophages were largely 937 
absent from these areas in animals administered vehicle alone, or rat MOv18 IgG. The ratio of CD68+ 938 
cells within the tumour cell islets compared wth the tumour periphery was greater in the animals 939 
administered rat MOv18 IgE than in those with rat MOv18 IgG or vehicle alone, and macrophage 940 
infiltration was inversely proportional to tumour occupancy in rats treated with antibodies. 941 

 942 
Together, these findings suggest that monocytes and macrophages may be mobilised towards 943 

tumours and play crucial roles in the tumour-restricting functions of MOv18 IgE. 944 
 945 

8.3.2. Anti-tumour IgE directs monocytes and macrophages  946 

The TME may influence the immune system to promote either anti-tumour immunity or tumour 947 
progression. Tumour associated macrophages (TAMs), characterised by the immune-activating 948 
classically-activated (M1) and the tolerance-inducing alternatively activated (M2) extreme 949 
phenotypes, are known to suppress or promote the growth of various malignant cells, depending on 950 
the biological context [188-190]. The activation state of macrophages induced to influx into tumours 951 
after administration of rat MOv18 IgE was investigated.  952 
 953 

Tumour-infiltrating macrophages from rats treated with rat MOv18 IgE demonstrated 954 
enhanced expression of the M1 co-stimulatory mature APC marker CD80, compared with those 955 
from MOv18 IgG2b or buffer-treated groups [185]. However, there was no difference in expression 956 
of the M2 marker CD163 between treatment groups. Furthermore, a considerably higher proportion 957 
of freshly-isolated CD68+ macrophages from dispersed rat lung tumours of rats administered rat 958 
MOv18 IgE were found to express intracellular TNF, an M1 macrophage marker, compared to 959 
MOv18 IgG2b and vehicle-treated tumours. In addition, a higher proportion of CD68+ macrophages 960 
from rat MOv18 IgE-treated tumours expressed intracellular IL-10, considered an M2 marker, 961 
compared with rat MOv18 IgG2b- and vehicle-treated groups, although this represented a smaller 962 
subset compared with the TNF+ population, with a proportion of cells demonstrating double 963 
positivity (TNF+/IL-10+) within the rat MOv18 IgE-treated cohort. Additional analyses showed 964 
significantly elevated circulating TNFα in IgE-treated rat sera compared with controls [191]. The 965 
tumour-infiltrating macrophages in rat MOv18 IgE-treated tumours may therefore not be typically 966 
M1 or M2, and could instead represent a unique cell subset. Cytokine profile analyses of rat lung 967 
(broncho-alveolar lavage, BAL) fluids revealed four analytes, IL-10, TNF, MCP-1 and IL-1 968 
elevated in the rat MOv18 IgE-treated compared with the rat MOv18 IgG2b-treated cohort [185]. 969 
Together with increased levels of macrophage intracellular TNF and IL-10 detected in the rat 970 
MOv18 IgE-treated rats, these data therefore indicate possible roles for TNF, MCP-1 and IL-10 in 971 
the anti-tumoural functions observed following treatment with rat MOv18 IgE. Additional 972 
transcriptomic analyses demonstrated enrichment of gene signatures associated with immune 973 
activation pathways, including those associated with IL-12 and Natural Killer (NK) cell signalling in 974 
lungs from rats treated with IgE [191]. 975 

 976 
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Taken together, these data suggest that MOv18 IgE may support TAM populations with mature 977 
phenotypes and hybrid M1/M2 features that are able to enter the tumour, trigger sustained immune 978 
activating pathways and secretion of IL-10, TNF, MCP-1 and IL-1 in tumour-bearing lungs. 979 

 980 

8.3.3. TNFα/MCP-1 axis as a mechanism of MOv18 IgE-mediated activation of human monocytes  981 

The potential of, and mechanisms by which, human IgE activates human monocytes was evaluated 982 
[185]. Consistent with in vivo findings in the rat model, tumour cell cytotoxicity potentiated by 983 
mouse/human chimeric MOv18 IgE and human PBMC effector cells was associated with 984 
significantly elevated secreted mediators MCP-1, IL-10, and TNF in co-culture supernatants, 985 
compared with either non-specific NIP IgE-treated or no antibody controls. Cross-linking of IgE, but 986 
not IgG, of different antigen specificities on the surface of human monocytes was responsible for 987 
upregulation of TNFα. Cross-linking of IgE bound to tumour cells via the Fab region did not trigger 988 
TNFα. Blocking of TNFα receptor reduced IgE-mediated tumour cell cytotoxicity. Together, these 989 
findings point to a role for TNFα on IgE-mediated anti-tumour functions. Furthermore, TNFα 990 
upregulation by monocytes could in turn promote release of the monocyte and macrophage 991 
chemoattractant MCP-1 by monocytes and a range of tumour cell types. This TNFα/MCP-1 cascade 992 
is consistent with infiltration of macrophages into tumours in at least two in vivo models of cancer, 993 
and may point to IgE-mediated mobilisation and activation of monocytes/macrophages into 994 
tumours by promoting TNFα-induced production of MCP-1 in the TME (Figure 12). 995 
 996 

Together, these findings also draw parallels with increased expression of TNFα, MCP-1 and 997 
IL-10 that are reported to be associated with IgE-dependent macrophage-mediated immune 998 
responses and clearance of parasites [123,192]. It was originally hypothesised that IgE could mount 999 
an allergic response mechanism against cancer. Nonetheless, the lack of IL-4 upregulation, a classic 1000 
allergic mediator, and the potentiation of a TNFα/MCP-1 axis observed with anti-tumour IgE 1001 
effector functions, may point to a less dominant role for an allergic, and a more prominent 1002 
IgE-driven anti-tumour mechanism normally preserved for immune defence and parasite 1003 
destruction by mobilising and activating macrophages. The implications of these findings may 1004 
include the re-direction of otherwise inert macrophage populations into tumour lesions and 1005 
activation of anti-parasitic functions of the IgE class in the Th2-biased TME against tumours [193]. 1006 

 1007 

9. Towards clinical translation of first-in-class IgE to a first-in-man clinical trial 1008 

9.1. Predicting safety of IgE: using ex vivo functional assays adapted from allergy diagnosis 1009 

In sensitized individuals, minute allergen exposure can trigger life-threatening type I systemic 1010 
hypersensitivity reactions. Despite preclinical evidence that IgE could have superior efficacy 1011 
compared with IgG, concerns remain that exogenously administered IgE could trigger a type I 1012 
hypersensitivity reaction leading to anaphylaxis. For this to occur, monoclonal IgE antibodies bound 1013 
to FcεRI on effector cells must be cross-linked by soluble multivalent allergen in the circulation 1014 
[194,195]. Potent allergens can achieve this through forming soluble multimers as discussed above, 1015 
or by aggregating into complexes cross-linked by polyclonal antibodies, likely to be IgE, specific for 1016 
these antigens [196,197].  1017 
 1018 
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 1020 

Figure 12. TNFα/MCP-1 cascade as a mechanism of MOv18 IgE functions in vivo. Activation of 1021 
monocytes/macrophages by MOv18 IgE mediates a TNFα/MCP-1 axis. Cross-linking of IgE 1022 
upregulates monocyte/macrophage TNFα. TNFα in turn promotes release of the chemoattractant 1023 
MCP-1 by monocytes/macrophages and tumour cells in the TME, which could promote potent 1024 
chemotaxis of further monocytes/macrophages into tumors, resulting in enhanced tumor 1025 
cell–effector cell interactions and subsequent tumor cell death. Figure adapted by permission from 1026 
American Association for Cancer Research. [Josephs, D.H. et al. Anti-Folate Receptor-α IgE but not 1027 
IgG Recruits Macrophages to Attack Tumors via TNFα/MCP-1 Signaling. Cancer Res. 2017, 77, 1028 
1127-1141 [185]]. 1029 

 1030 
In the cancer context, it is hypothesised that for an anti-tumour IgE to avoid triggering type I 1031 

hypersensitivity, the target antigen should be found at low density, and in monomeric form, on 1032 
healthy cells (and in the circulation) and/or should have only a single IgE-binding epitope, so that 1033 
IgE cross-linking on the surface of effector cells or bridging with a target cell cannot be achieved 1034 
[198]. In contrast, for an anti-tumour IgE to have anti-tumour effects, the tumour antigen should be 1035 
overexpressed on the cancer cells in tissues so that they are densely packed on the cell membrane or 1036 
in lipid rafts, so that IgE bridging may occur at tumour sites. Tumour-associated antigens such as 1037 
FRα fulfil these criteria.  1038 

  1039 
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To investigate this hypothesis, the ability of MOv18 IgE to trigger basophil degranulation was 1040 
examined using RBL SX-38 cells engineered to overexpress human FcεRI [181]. Exposure of cells to 1041 
MOv18 IgE alone did not induce significant degranulation, however cross-linking of MOv18 IgE 1042 
bound to the effector cell surface using a polyclonal anti-IgE antibody, or by cross-linking 1043 
FRα-bound IgE using an anti-FRα polyclonal antibody to mimic the effect of a circulating multimeric 1044 
antigen, induced appreciable degranulation. In contrast, when cells were incubated with MOv18 IgE 1045 
and increasing concentrations of recombinant (monovalent) FRα alone at levels up to 400-fold higher 1046 
than those reported in ovarian cancer patient blood, only background levels of degranulation were 1047 
observed. This was as expected, since monovalent antigen is generally unable to cross-link 1048 
FcRI-bound IgE [181,199]. Furthermore, while naturally-shed FRα levels in patient circulation were 1049 
significantly elevated compared with those measured from healthy controls, sera from 32 patients 1050 
with stage III or IV ovarian carcinoma, and from 14 healthy volunteers, induced only background 1051 
levels of degranulation. 1052 

 1053 
The possibility that circulating tumour cells (CTCs) or tumour cell fragments bearing multiple 1054 

copies of the target antigen could trigger degranulation was also explored by exposing RBL SX-38 1055 
effector cells to MOv18 IgE and serially increasing the number of FRα-expressing IGROV1 ovarian 1056 
carcinoma cells. Degranulation was only detected at higher E:T cell ratios, well above those recorded 1057 
in patient blood [181]. This suggests that MOv18 IgE is unlikely to activate effector cells in the 1058 
presence of even the highest reported concentration of FRα-expressing CTCs. Tumour cells that did 1059 
not express FRα did not induce degranulation, suggesting that the phenomenon is antigen-specific. 1060 

 1061 
The ability of MOv18 IgE to activate blood basophils ex vivo in fresh unfractionated blood from 1062 

patients with ovarian carcinoma was investigated using the basophil activation assay (BAT). BAT is 1063 
an increasingly useful assay conducted in unfractionated blood for detecting propensity for type I 1064 
hypersensitivity to a large range of allergens [200-203], including medicinal drugs and those used in 1065 
oncology. It is designed to measure elevated cell surface CD63 expression within 10-15 minutes of 1066 
stimulation as an early sign of type I hypersensitivity, which precedes degranulation [204]. MOv18 1067 
IgE at a range of concentrations had no effect on the level CD63 expression in whole blood samples 1068 
from healthy volunteers or from patients with ovarian carcinoma, despite detectable circulating 1069 
concentrations of FRα in the blood of some of these patients. Furthermore, MOv18 IgE with the 1070 
addition of exogenous soluble FRα, even at concentrations 10-fold higher than those observed in 1071 
patients, did not increase CD63 expression by human basophils. In contrast, cross-linking of effector 1072 
cell FcεRI using either an anti-FcεRI or anti-IgE polyclonal antibody clearly augmented CD63 1073 
expression [181]. MOv18 IgE was therefore unable to produce significant basophil activation in 1074 
human blood specimens. 1075 

 1076 
In the same study, sera from 24 patients with detectable levels of circulating FRα antigen were 1077 

also screened for the presence of anti-FRα IgG auto-antibodies. Such antibodies might potentially 1078 
cross-link the soluble FRα bound to MOv18 IgE on the surface of basophils. In 6 of 24 patient sera, 1079 
IgG auto-antibodies were detected in the range of 3-43 ng/mL. However, when tested in the RBL 1080 
SX-38 degranulation assay, sera from these patients did not trigger any functional degranulation in 1081 
the presence of MOv18 IgE. Sera from two patients were also studied in the BAT assay and induced 1082 
no increase in CD63 expression by the patients’ blood basophils [181]. 1083 

 1084 
In conclusion, no evidence of effector cell activation or degranulation could be detected in 1085 

validated models of allergy using either recombinant FRα or patient blood and sera. In addition, no 1086 
degranulation was mediated by MOv18 IgE at worst case physiological blood CTC-to-effector cell 1087 
ratios or by patient anti-FRα IgG auto-antibodies. Overall, these data indicate that when ovarian 1088 
carcinoma patients are treated with MOv18 IgE, FcεRI-mediated activation of effector cells may 1089 
potentially occur within the tumour mass but is less likely in the circulation. 1090 

 1091 
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9.2. Predicting safety of IgE: in vivo models 1092 

Selection of preclinical models to help predict the safety of IgE antibody immunotherapy of cancer is 1093 
still in its very early stages, and pharmacologically relevant species are being sought. An anti-human 1094 
HER2/neu IgE was well-tolerated when introduced to cynomolgus monkeys [160]. Cross-species 1095 
reactivity of mouse/human chimeric MOv18 IgE was demonstrated in cynomolgus monkey immune 1096 
effector cells [205]. However, the kinetics of MOv18 IgE interaction with effector cells, and the 1097 
phenotype of the activated effector cells, differed between the two species; human IgE featured a 1098 
faster dissociation from cynomolgus monkey effector cells, compared with human immune effector 1099 
cells. Human IgE triggered different cytokine release profiles by human and cynomolgus monkey 1100 
immune effector cells. Therefore, extrapolation of cynomolgus data to human may be unreliable 1101 
[205]. 1102 
 1103 

For these reasons, a surrogate syngeneic tumour model in immunocompetent (WAG) rats 1104 
(discussed above) was designed to evaluate the safety profile of anti-tumour IgE. This species was 1105 
selected because the IgE system of the rat bears many similarities to that of human, and the use of the 1106 
rat MOv18 IgE in the WAG rat would allow characterisation of IgE-mediated responses that would 1107 
not be possible in healthy primate models. 1108 

 1109 
Preclinical efficacy studies using tumour-bearing rats showed restriction of tumour growth in 1110 

the absence of any evidence of acute toxicity with rat MOv18 IgE (or with the equivalent rat MOv18 1111 
IgG2b), despite the natural presence of IgE effector cells capable of IgE-mediated degranulation such 1112 
as basophils and mast cells in this species. No evidence of cytokine storm (lack of IL-6 or IFNγ) or 1113 
signals of an allergic response (IL-4) were detected, while elevated immunological pathway 1114 
activation gene signatures, tumour and serum TNFα elevation and enhanced macrophage 1115 
infiltration into tumours, thought to be associated with anti-tumoral efficacy, were associated with 1116 
IgE treatment (Figure 13) [191]. 1117 

 1118 
In concordance, in previous immunodeficient mouse models of human FRα-expressing 1119 

carcinoma xenografts, administration of mouse/human chimeric MOv18 IgE or MOv18 IgG1 1120 
together with human peripheral blood lymphocytes and peripheral blood mononuclear cells did not 1121 
trigger any toxic effects, despite the presence of human basophils and eosinophils, including those 1122 
from allergic human donors [147,179,182], in these effector cell preparations. Further support for this 1123 
concept comes from published data demonstrating induction of IgE through tumour antigen 1124 
mimotope vaccination, detected in the absence of any toxicities or signs of type I hypersensitivity 1125 
[206]. Furthermore, IgE specific to tumour antigens and with tumoricidal properties has been 1126 
reported in patients with head and neck cancer and pancreatic cancer, in the circulation and tumour 1127 
tissues [104,105], without anaphylaxis occurring. 1128 

 1129 
Finally, dogs may be an alternative model to examine the safety and anti-tumour functions of 1130 

IgE, since this species is known for susceptibility to both cancer, including spontaneous mammary 1131 
carcinomas, and allergy, with strong similarities of FcεR expression and distribution on immune 1132 
cells compared with humans [207-209]. Efforts are underway to design canine versions of 1133 
anti-tumour IgE with a view to conduct safety and efficacy studies [152]. 1134 

  1135 

9.3. Monitoring antibody safety in trials 1136 

Translation to clinical testing is expected to entail careful monitoring of patients and measuring 1137 
functional readouts and immunological markers of type I hypersensitivity following administration 1138 
of MOv18 IgE due to the potential for basophil and/or mast cell degranulation. Functional tests may 1139 
monitor the propensity to trigger basophil activation and mast cell degranulation in patient blood 1140 
and sera ex vivo, all measured at different points of drug administration. Monitoring would include 1141 
clinical signs of type I hypersensitivity, changes in serum levels of β-tryptase, total and tumour  1142 
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 1143 
 1144 
 1145 

Figure 13. In vivo safety evaluations of MOv18 IgE. A surrogate syngeneic tumour model in 1146 
immunocompetent WAG rats was designed to evaluate the safety profile of MOv18 IgE. Rat CC531 1147 
colon adenocarcinoma cells, engineered to express the human FRα were administered i.v. to grow as 1148 
lung metastases and animals were treated with either rat MOv18 IgE or the IgG2b equivalent. This 1149 
model demonstrated superior efficacy of IgE compared with the IgG counterpart (representative 1150 
images of Indian ink-stained lungs shown). Efficacy was observed in the absence of any adverse 1151 
clinical observations, off-target toxicities (H&E-stained spleen shown), or haematological or 1152 
biochemical changes. Furthermore, no evidence of cytokine storm (lack of IL-6 or IFNγ upregulation) 1153 
or allergic response (lack of IL-4 upregulation) was detected. In the same model, MOv18 IgE 1154 
treatment was associated with restriction of tumour growth, alongside enhanced immune cell 1155 
infiltration in tumours (H&E-stained lung shown) and elevated immunological pathway activation 1156 
gene signatures. Additionally, increased tumour and serum TNFα were measured in association 1157 
with IgE treatment. Figure adapted by permission from John Wiley & Sons, Inc. [Josephs, D.H. et al. 1158 
An immunologically relevant rodent model demonstrates safety of therapy using a tumour-specific 1159 
IgE. Allergy 2018, 73, 2328-2341 [191]]. 1160 

 1161 

antigen-specific IgE, circulating tumour antigen and autoantibodies to the target antigen. 1162 
Specifically, serum β-tryptase elevation signifying mast cell degranulation during clinical testing 1163 
may be important to help distinguish cytokine release-type infusion reactions from type I 1164 
hypersensitivity [210,211].  1165 
 1166 



Antibodies 2018, 7, x FOR PEER REVIEW  30 of 44 

 

10. Thoughts for the design of new IgE-based therapeutic agents 1167 

10.1. Expression systems and IgE glyco-profiling 1168 

Production of IgE for clinical study requires the development of GMP processes that ensure swift 1169 
production of antibody with sufficient quality, purity and stability profiles. Importantly, the product 1170 
must show physiochemical and functional profiles compatible with those of the laboratory grade 1171 
material. Additionally, IgE antibodies display seven glycosylation sites, six of which comprise 1172 
complex N-glycans, potentially with terminal galactose, fucose and sialic acid residues, as discussed 1173 
above (and illustrated for IgG in Figure 1c). Due to its heavily glycosylated structure, the 1174 
glycosylation profile of IgE antibodies must also be considered with regard to achieving a consistent 1175 
antibody structural and functional product profile for clinical application. Carbohydrates may 1176 
influence affinity for the target antigen, biodistribution, effector cell trafficking to tissues and 1177 
antibody pharmacokinetics; the high-mannonse structure at Asn394 (Figure 1d) may, as we have 1178 
discussed, have functional significance [41,50]. Monitoring the structural and functional integrity of 1179 
IgE is therefore warranted at all stages of research, development and manufacturing for pre-clinical 1180 
and clinical evaluations. Furthermore, the nature of the expression system may impact on the 1181 
glycosylation profile and must be carefully considered when designing an IgE class therapeutic 1182 
agent [153]. For instance, the carbohydrate profile of IgE antibodies produced using a human 1183 
expression system may differ from that of plant-expressed IgE [150]. Further study of glycan content 1184 
will undoubtedly provide important information for further understanding structure-function 1185 
relationships in IgE. 1186 

 1187 

10.2. Selecting tumour targets and malignant indications for IgE therapeutic agents 1188 

Rational design of suitable therapeutic agents should aim to take advantage of the tissue-resident 1189 
immune surveillance exerted by IgE antibodies that can be directed against cancer antigens, whilst 1190 
minimising the risk of potential toxic effects of the therapeutic agent. Malignant indications could be 1191 
selected according to whether tumour cells are likely to reside in tissues in which important IgE 1192 
effector cells such as macrophages are also found. Indications in which tumour cells and tumour cell 1193 
fragments do not circulate would be preferable, since following systemic administration of 1194 
anti-tumour IgE, basophils loaded with anti-tumour IgE could encounter circulating cancer cells 1195 
bearing multiple copies of the target antigen; such interactions might trigger degranulation and 1196 
potential type I hypersensitivity. Important criteria for selection of cancer antigen targets would 1197 
include high expression on the tumour with minimal and restricted distribution in normal tissues 1198 
away from patient circulation. Furthermore, selection of single epitopes on tumour antigens and 1199 
antigens that do not shed in multimeric forms in patient circulation would be key criteria for target 1200 
selection. 1201 
 1202 

10.3. Challenges for IgE-based therapies 1203 

Within the fields of Immunology, Allergy and AllergoOncology, there are many aspects of IgE 1204 
biology that are yet to be explored. The most prominent unknowns in the field are: defining the 1205 
dynamics of antibody trafficking to tumours, recruiting monocytes into tumour lesions and 1206 
engaging local tumour-associated macrophages; pharmacokinetics in patient circulation and 1207 
biodistribution in health and disease settings; the roles and anti-tumour functions of mast cells; 1208 
unexplored mechanisms of action beyond the TNFα/MCP-1 cascade; the existence of modulatory 1209 
mechanisms for IgE despite the lack of any known inhibitory FcεR; the impact of target antigen 1210 
expression levels and distribution in tumour lesions on the anti-tumour efficacy of IgE antibodies; 1211 
stratification of patients with tumours featuring immune tumour environments congruent to IgE 1212 
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antibody therapy; the most suitable administration route and malignant indication to help refine 1213 
treatment and maximise patient benefit.  1214 
 1215 

Evidence from a number of studies points to monocytes and macrophages as important effector 1216 
cells that participate in the anti-tumour functions of IgE in vitro and in vivo [193]. On the other hand, 1217 
mast cells express far higher levels of FcεRI compared with monocytes and macrophages, and 1218 
constitute another key effector cell population that may contribute to the cancer growth-restricting 1219 
functions of anti-tumour Ig£ antibodies. Mast cells can be activated upon crosslinking of FcεRI by 1220 
IgE in the presence of multivalent antigens, to degranulate and release toxic mediators in tissues 1221 
such as the skin and gut. These functions of mast cells have been known to be directed to destroy 1222 
parasites [5,97]. The significance of mast cell infiltration in tumour lesions has been controversial 1223 
[212], however there have been reports of associations with more favourable clinical outcomes [213]. 1224 
Tumour- and tissue-resident mast cells may also contribute to IgE-mediated enhanced TNFα 1225 
expression and heightened immune responses in the TME [214]. Mast cells could be recruited 1226 
towards tumour lesions either through tumour cell-produced MCP-1 [215], and more prominently 1227 
through the anti-tumour IgE-potentiated TNFα/MCP-1 axis discussed above [185,191]. However, the 1228 
roles of mast cells in the context of anti-tumour IgE mechanisms of action and efficacy require 1229 
further study.  1230 
 1231 

Further areas for investigation include the impact of clinically available therapies such as 1232 
chemotherapies, checkpoint inhibitors, steroids and targeted treatments on the following: effector 1233 
cells and IgE therapeutic efficacy and safety; expression of IgE Fc receptors by immune cells in 1234 
different cancer types and patient tumours; mechanisms by which IgE acts on the TME, including 1235 
IgE receptor-expressing and non-expressing cells, and their recruitment into tumours.  1236 
 1237 
A number of antibodies engineered with IgE Fc regions have been shown to engender potent 1238 
effector functions and restrict tumour growth in disparate model systems. These include antibodies 1239 
recognizing epitopes found on clinically-validated tumour targets such as HER2/neu. It is to be 1240 
hoped that IgE antibodies against these targets will progress along the translational pipeline 1241 
towards clinical testing. The field of AllergoOncology, including the use of IgE antibodies for cancer 1242 
treatment, will undoubtedly enrich our understanding of human immunity and responses in health 1243 
and malignant disease, and both inform and transform the design of future immunotherapeutic 1244 
agents. 1245 
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