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Abstract
Purpose of Review Allergen-antibody complexes are extremely valuable in describing the detailed molecular features of epi-
topes. This review summarizes insights gained from recently published co-structures and what obstacles impede the acquisition
of further data.
Recent Findings Structural epitope data helped define the epitopes of two anti-Fel d 1 antibodies undergoing phase I clinical
trials, providing a greater level of detail than was possible through hydrogen-deuterium exchange protection studies. Separately, a
human camelid-like antibody structure with lysozyme described several unique features in a long variable loop that interacted
with the active site cleft of Gal d 4. Finally, a co-structure conclusively demonstrated that Phl p 7 could function as a superantigen
and that an antibody could simultaneously recognize two epitopes. These remarkable assertions would not have been possible
without visualization of the complex. Only three new complexes have appeared in the last few years, suggesting that there are
major impediments to traditional production and crystallization.
Summary The structural data was extremely valuable in describing epitopes. New techniques like cryo-EM may provide an
alternative to crystallography.
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Introduction

An allergen, by definition, is a protein that binds to the IgE
antibody isotype. The cross-linking of IgE on effector cells
leads to the symptoms associated with allergy. There are more
than 100 different allergen structures in the protein database
[1•], and the information provided has been utilized in many
different ways to better understand allergic disease [2].
Structural data on allergens has helped predict biological func-
tion, which in turn suggested hypotheses about how allergens
promote sensitization either through proteolytic activity or
immune mimicry [3–5]. These structures have also proven

useful in understanding patient cross-reactivity [6–8] and have
assisted in the mapping of patient epitopes and the develop-
ment of hypoallergens [9•]. A hypoallergen is an idealized
allergen with reduced IgE or symptomatic epitopes, but still
promotes tolerance to the original allergen when used in im-
munotherapy [9•].

A recent review of allergen structures found very few co-
structures of allergens with antibodies [1•]. This comes with a
slight caveat in that there weremany structures of lysozyme (also
known as the egg allergen Gal d 4) with various antibodies.
Lysozyme was crucial to early crystallography development as
it was readily available, and an X-ray structure was solved in
1965 [10]. These features allowed immunologists to utilize lyso-
zyme as model antigen, with the structure of the HY/HEL-10
FAB in complex with Gal d 4 being the first allergen-antibody
complex to be solved via X-ray crystallography in 1989 [11].
The next 26 years saw the release of 11 structures of antibodies
in complex with only seven more allergens. These included Api
m 2 [12], Bos d 5 [13], Bet v 1 [14], Phl p 2 [15], Der p 1 [16],
Der f 1 [17], and Bla g 2 [18, 19].Most of these structural studies
discuss how the epitope information can be used for future de-
velopment of immunotherapy by designing hypoallergens.
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Some studies also provide a structural understanding of antibody
specificity and cross-reactivity or the basis for designing mutants
able to modulate T cell responses [20, 21]. In one case, the
structure demonstrated carbohydrate recognition by the anti-Bla
g 2 antibodies [19, 22].

The major utility of these co-structures is in the unambig-
uous epitope information obtained [23]. Currently, there are
many different empirical and computational methods avail-
able to study antigen-antibody interactions, and each comes
with their unique set of advantages and disadvantages [24•].
The co-structures and the corresponding studies discussed
herein however are unique in their ability to provide structural
information on both the allergen epitope and mode of anti-
body binding at the atomic level. In this review, we will focus
on three papers with antibody-allergen co-structures that have
appeared since 2015 that highlight the value of such informa-
tion. These new complexes used for understanding epitopes in
a phase I trial of two anti-Fel d 1 antibodies [25], for describ-
ing the unique epitope properties of human camelid-like anti-
bodies with lysozyme as the model antigen [26] and finally for
demonstrating that Phl p 7 could function as a superantigen
with a novel mode of binding [27]. Despite the wealth of
information provided from these co-structures, only a few
similar studies have been reported in the literature. In recog-
nition of this scarcity, we will also discuss some of the tech-
nical limitations that make these co-structures difficult and
suggest new avenues that might be explored.

Therapeutic Epitope Information

A recently described innovation in allergen immunotherapy
utilized two anti-Fel d 1 antibodies in conjunction with the
typical cat allergen therapy. To understand the significance,
successful allergen immunotherapy and patient desensitiza-
tion is usually associated with increased allergen-specific
IgG4 levels [28, 29]. While the exact mechanism for this is
still not entirely clear, it has been suggested that IgG4 blocks
the allergen at the mast cell level and/or at the level of the
antigen-presenting cell preventing IgE-facilitated activation
of T cells [30–32]. IgG4 has the additional benefit that it does
not induce effector functions like IgG1 promoting inflamma-
tion. There have been many attempts to design immunother-
apies that promote IgG4 through the direct stimulation of the
patient’s immune system with allergen or allergen-like com-
pounds. The private company Regeneron attempted a differ-
ent approach wherein IgG4 levels were artificially enhanced
with recombinant allergen-specific antibodies. The hypothesis
was that augmenting the IgG4/IgE ratio would enhance the
efficacy of traditional immunotherapies. This was tested in cat
allergic patients utilizing two anti-Fel d 1 IgG4s: REGN1908
and REGN1909. Based on the efficacy observed in a mouse
model, patients were given 600 mg of IgG4 (300 mg of each

of the two antibodies). While this amount might seem exces-
sive even by the standards of structural biologists who typi-
cally employ milligram quantities of protein in their assays,
this dosage produced anti-Fel d 1 serum levels of 75 mg/L at
day 8 post-injection and > 11 mg/L throughout the trial. For
comparison, a study of patients after birch pollen immunother-
apy reported increases in IgG4 against Bet v 1 averaging
2 mg/L [33]. In a more extreme example, bee keepers display
anti-Api m 1 IgG4 in the 100 mg/L range during the summer
season [34]. To summarize the results from the Regeneron
therapy trial, administration of the recombinant IgG4 antibod-
ies provided significant clinical benefit [25].

While these findings have significant implications in the
field of immunology and immunotherapy, this review will
focus on the role of the antibody-allergen structure in the
development of the IgG4-based treatment itself. The allergen
Fel d 1 is composed of peptide chains from two nonidentical
gene products that come together to form a uteroglobulin-like
fold [35], in contrast to most uteroglobulins, which are dimers
of two identical chains. As an aside, it is interesting to note
that Fel d 1 is one of the few allergens derived frommore than
one gene. A major innovation in determining the original
structure of Fel d 1 was to create a construct which placed
chain 2 at the N-terminus, connected to chain 1 via a short
peptide linker (PDB code 1PUO [35]). This strategy was also
followed by Regeneron in their structure 5VYF [25].

The authors first attempted to map epitopes of REGN1908
and REGN1909 with hydrogen-deuterium exchange protec-
tion experiments (HDX) using mass spectrometry (MS) to
compare 1H and 2H isotope levels, and thus the degree of
solvent exposure in the bound versus free allergen [25], sim-
ilar to what has been previously reported for other allergens
like Pru du 6 [36], Ano o 1 [37], and Bet v 1 [38]. The level of
1H/2H exchange can also be monitored using NMR, which
takes advantage of the property that 1H produces a strong
NMR signal while 2H does not [39, 40]. While this technique
has been used to successfully map epitopes on Der p 2 and Gal
d 4, it does not enjoy the same popularity as MS, likely due to
the much larger sample quantities required. Using MS HDX,
the antibody REGN1908 was found to protect residues on
alpha helices 1, 2, and 3 of chain 1 of Fel d 1 which suggested
a large discontinuous epitope. In contrast, only a few residues
spanning helices 1 and 2 of chain 2 were protected by
REGN1909. Since most antibody epitopes occupy an area of
600–900 Å2, it was likely that additional residues were in-
volved in REGN1909 binding.

To obtain a more definitive understanding of the epitopes,
crystal structures of both REGN1908 and REGN1909 in com-
plex with the single chain Fel d 1 construct were attempted.
Only the structure of REGN1909 in complex with Fel d 1
could be obtained, highlighting further the technical difficul-
ties in obtaining antibody-allergen complexes. The antibody
REGN1909 was found to interact with all of helix 2 and part
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of helix 3 of Fel d 1 chain 2, and did not interact with helix 1 at
all. In contrast, the HDX results reported that residues in helix
1 were protected from exchange (Fig. 1a). This highlights an
important consideration when interpreting HDX mapping ex-
periments, as the results can be influenced by conformational
changes in remote parts of the protein. This was previously
noted in the NMR HDX results of Gal d 4, where residues
distal from the epitope can vary in protection levels and ther-
modynamic properties [39]. While the structure of Fel d 1 is
generally well conserved upon REGN1909 binding, a closer
examination reveals that helix 2 is shifted almost 2 Å along its
helical axis in the antibody complex compared to the unbound
structure (Fig. 1b). This translocation could potentially en-
hance the stability of this adjacent region of the protein, thus
leading to greater HDX protection extending into helix 1.
Summarizing this section, the complex structure provided
new epitope details that were ambiguous or unavailable from
other techniques.

In this study, it was reported that REGN1908 or REGN1909
alone could block up to 51% of some patients’ IgE binding to
Fel d 1, while tandem administration reduced IgE binding by
83%, sufficient to produce a protective effect in most patients.
This level of protection is impressive when we consider that the
total surface area of the Fel d 1 structure is approximately
7100 Å2, and typical epitopes are 600–900 Å2. As such, a single
Fel d 1 could theoretically support the binding of 8–12 antibod-
ies. While it is likely that the number that could simultaneously
bindwithout sterically hindering each other is smaller, the ability
of two antibodies (REGN1908 and REGN1909) to block 83%
of the IgE binding suggests that the majority of IgE binding
occurs over a limited fraction of the accessible Fel d 1 surface
area. There is precedent for this in previous studies of the grass
pollen allergen Phl p 2, where one antibody could block up to
80% of the patient IgE [41]. Similarly, high levels of IgE anti-
body blocking (up to ~ 40–45%)were obtainedwith each of two

IgG antibodies that bind to opposite lobes of the cockroach
allergen Bla g 2 [19, 22]. Analogous evidence might be found
in studies of patients undergoing oral immunotherapy for peanut
allergy. Antibodies cloned from several patients appeared to
show convergent evolution in high affinity Ara h 2-binding
antibodies, suggesting that a similar epitope was driving the
response [42]. Further studies of allergen-antibody complexes
could provide insight into which epitopes are important for the
immune response, potentially enabling us to augment the above
therapy with hypoallergens that would further reduce the risk in
immunotherapy.

Camelid-Like Human VH Domains

Humans produce paired antibodies from two gene products,
wherein a light chain pairs with a heavy chain to form the
antibody combining site. Camels and llamas forgo the light
chain and utilize only the heavy chain for the combining site
and effector functions; these are termed camelid antibodies
[43]. The simplicity of this design and the ease of single gene
manipulation have attracted the development of camelid anti-
bodies for various therapies [44]. In the paper by Rouet et al., a
similar design is suggested using only the heavy chain of
human antibodies [26]. Other groups have attempted to
“camelize” human heavy chains by modifying the framework
residues to improve the biophysical properties of the isolated
domains [45]. In contrast, Rouet et al. developed a phage
display system that focused exclusively on the CDRs of the
heavy chain variable domain (VH) for optimization of stability
[26]. In this way, VH could still theoretically pair with a human
light chain if desired, increasing the range of therapeutic tech-
niques available.

This phage display process also included a step with incu-
bation of the proteins at high temperatures, allowing the

Fig. 1 Fel d 1 bound to
REGN1099. a Fab REGN1099 is
rendered with a mesh surface and
cartoon secondary structure in
grey, and Fel d 1 is shown with a
cartoon secondary structure and
semi-transparent surface in
yellow (5OTJ). Residues in blue
were protected from exchange in
MS HDX. Helices of Fel d 1 are
labeled. b Panel b is rotated
relative to a to highlight changes
in helix 2 of Fel d 1 upon binding
REGN1099. The structure of Fel
d 1 alone 1PUO (green) and in
complex (yellow) with
REGN1099 (peach: heavy chain,
white: light chain) is rendered in
as Cα traces
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authors to select for VH products that were exceptionally sta-
ble [26]. They found that residues in the variable loops had a
significant effect on stability. This was rather unexpected in
that it seems that evolution would favor creating a highly
stable scaffold (the immunoglobulin fold) that, even in isola-
tion, would be tolerant to hypervariability in the loops as in
naturally produced antibodies. However, this may explain a
number of anecdotal experiences, whereby grafting new var-
iable loops onto a previously successful single chain fraction
variable (ScFv) constructs yielded poor expression or insolu-
ble proteins (personal observations).

The phage display system used by Rouet et al. allowed for
artificially long CDR3 (Fig. 2a) [26]. In the crystal structure of
one such VH complexed with lysozyme (4U3X), the CDR3
contributes 535 Å2 of the buried surface area out of a total of
783 Å2. The length of the loop allowed it to extend into the
active site cleft of the antigen in a manner similar to some
other camelid and shark single chain antibodies [46–48].
The CDR3 of the VH was only 9 residues long compared to
12–18 in the other structures but was in the typical range of
buried surface area, 561–906 Å2. These comparisons are only
possible with the aid of a co-structure and highlight the im-
portance of this type of analysis in understanding the structural
basis of antibody-epitope interactions, particularly those in-
volving specific antigen features such as binding in clefts or
hydrophobic pockets.

In conclusion, the authors demonstrated that CDR compo-
sition can have a significant effect on the stability of an iso-
lated VH and that the affinity and functionality of camelids can
be engineered into a fully human VH [26]. This opens up a

number of opportunities for future therapeutic design. For
example, these may prove useful in the design of anti-
allergen IgG4 therapies like that described by Regeneron.

Superantigens

As a rule, antigens interact with the hypervariable loops of an-
tibodies; superantigens interact instead with the constant do-
mains or framework residues of the antibody [49]. Recently,
Mitropoulou et al. reported a co-structure which utilized both
modes of antigen-antibody binding. The antibody in question
was an IgG antibody called 101.1F10 cloned from a grass pollen
allergic patient. The antibody was specific for the grass allergen
Phl p 7, and the resulting co-structure revealed two 101.1F10
antibodies interacting simultaneouslywith Phl p 7 (Fig. 2b) [27].
Concurrently, two Phl p 7 molecules could interact with two
101.1F10, running counter to the generally accepted idea that
only dimeric antigens could interact with two identical antibod-
ies at a given time. The authors also demonstrated that an IgE
version of 101.1F10 alone could cross-link and signal effector
functions with monomeric Phl p 7, further verifying this unique
mode of binding. Adding interest to the paper, the authors no-
ticed that Phl p 7 interacts with two epitopes, one of which is
canonical in that it interacts with five of the hypervariable loops.
The second noncanonical epitope interacts with the complimen-
tary determining region loop 2 (CDR-L2, white sticks Fig. 2b)
and framework residues thus making it technically a
superantigen.

Fig. 2 Antibody complexes with
allergens. a VH (blue) in complex
with lysozyme (Gal d 4, orange)
rendered as cartoon diagrams
with the surface of lysozyme
shown semi-transparent. CDR3
of the VH is highlighted in pink in
the lysozyme active site cleft. b
Phl p 7 bound to 101.1F10. Two
Phl p 7 molecules are rendered as
semi-transparent surfaces, and
bound Ca2+ ions are shown as
spheres. Arg 7 of Phl p 7 is
labeled. Two 101.1F10 molecules
are rendered as cartoon secondary
structures in green and cyan,
while CDR L2 is shown with
white stick renderings. The
classical (canonical) and
noncanonical antibody interacting
regions are labeled

17 Page 4 of 10 Curr Allergy Asthma Rep (2019) 19: 17



Closer examination of the 101.1F10-Phl p 7 co-structure
reveals a possible structural basis for this unique interaction.
The CDR-L2 in the noncanonical epitope was mutated from
the germline gene at residue 54, suggesting that it was opti-
mized for the interaction observed in the crystal. Supporting
this, the NH2 group of N54 appears to make two hydrogen
bonds with Phl p 7, which the germline serine would be inca-
pable of doing. The authors interpret this as optimization of
the noncanonical site for a second epitope, allowing one anti-
body to recognize and bind Phl p 7 at two separate regions
simultaneously. However, since the antigen/antibody stoichi-
ometry could not be determined in the cell-based experiment,
the available data cannot confirm that only one Phl p 7 could
functionally cross-link two IgE. To elaborate, it may be that
one Phl p 7 can cross-link two IgE, but it may also be that two
Phl p 7 are required to operate in tandem as in the crystal. The
noncanonical epitope is only 330 Å2, which is relatively small
and may not bind tightly enough to cross-link 2 IgE with only
a single Phl p 7. Indeed, the cross-linking was abrogated by
mutating only R7 of the noncanonical epitope. Two nonca-
nonical epitopes operating cooperatively appear more plausi-
ble, as together they would represent a binding surface of
similar size to typical high affinity epitopes. The development
of assays to test the stoichiometry required for cross-linking
Phl p 7 with 101.1F10 represents a promising area for future
work, as it could provide conclusive evidence that only one
Phl p 7 is needed for cross-linking.

Clearly, the claim that Phl p 7 functions as a superantigen
with 101.1F10 is merited based on the literal definition of its
binding site outside the hypervariable region of the antibody.
Closer examination of the co-structure reveals that this inter-
action is mediated by only three residues in the framework
region of 101.1F10. The resulting modest binding area of
300 Å2 stands in stark contrast with other superantigens like
protein A binding to the constant region of an antibody (1DEE
[49]), where the entire protein interacts solely with framework
residues to produce a binding area of ~ 600 Å2 [50]. In another
superantigen protein L, there is more than 700 Å2 of interac-
tions with framework residues (1HEZ [51]). Thus, while
101.1F10 can be classified as a superantigen, its mode of
binding coupled with its dual reactivity against Phl p 7 is
significantly different from previous precedent and opens up
new avenues of research with regard to other nonstandard
antibody interactions.

The study demonstrated that a nondimeric antigen can
cross-link with a single IgE molecule, although the
stoichometry is not absolutely certain. This challenges a num-
ber of existing paradigms about antigens in general and sug-
gests that this type of interaction could be possible in IgG
cross-linking as well. The value of allergen-antibody complex
structures is apparent in that it is unlikely that other epitope
mapping techniques would have noticed so few residues func-
tioning as a superantigen, or even suggested that two epitopes

could be recognized by one antibody. Visualization of the
allergen-antibody complex at atomic resolution was required
to make these assertions.

Challenges and Future Directions

The detailed information content of these complexes makes
them highly desirable, but obtaining crystal structures of
antibody-allergen complexes is fraught with challenges. A
primary problem is producing enough antibody. Many efforts
turn to recombinant expression after sequencing of the specif-
ic desired clones from patients [52, 53]. Crystallography often
requires milligram quantities of both the allergen and antibody
to form complexes. Additionally, the design of the construct is
crucial, as full-length IgG or IgE has a high degree of flexibil-
ity between the Fc and Fab region, which increases the struc-
tural heterogeneity and represents a significant detriment for
sample crystallization. For this reason, the majority of struc-
tural biologists opt for crystallization of antibody fragments
using Fab or Fv regions [54] obtained from either bacterial or
mammalian expression systems.

To this end, we have explored and researched a number of
prokaryotic expression options.Escherichia coli expression sys-
tems can be used for production of recombinant ScFv and Fab
[55]. ScFv constructs contain the VH and VL chains linked to-
gether by an extended linker (usually about 18 residues) that
allow for proper pairing of the immunoglobulin domains [56].
Shorter linkers result in the formation of diabodies that form
dimers with the VH of one monomer interacting with the VL

of the other, generating a bivalent antibody [57, 58]. In addition,
Fab constructs can be formed by co-expression of the VHCH1

and VLCL1 chains either using separate vectors or dual expres-
sion vectors [55, 59]. Due to the reducing environment, expres-
sion in the cytoplasmic space in E. coli often results in the
formation of insoluble inclusion bodies, requiring inefficient
refolding procedures. Engineered E. coli strains with mutations
in the glutathione and thioredoxin reductase (trxB gor mutants)
in combination with chaperone co-expression can improve the
yield of Fab to the milligram per liter range [60]. Stability and
yield can also be improved by introducing a disulfide bond-
stabilized Fv (ds-Fv), in which the unstable VL and VH hetero-
dimers are stabilized by forming inter-domain disulfide bonds
[61]. This method has been combined with grafting, where the
CDRs of one antibody are spliced into the structured framework
of another antibody, to successfully crystallize and solve several
antibody-antigen complexes, including one against vascular en-
dothelial growth factor (VEGF) [62]. Expression in the periplas-
mic space in E. coli can also facilitate formation of the correct
disulfide bond pattern and production of soluble protein [59].
Finally, use of a gram-positive bacterial expression organism in
place of the traditional gram-negative E. coli-based systems can
facilitate the production of recombinant antibodies [55, 59].
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Here, the lack of an outer membrane allows the direct secretion
of recombinant proteins into the growth medium, which can
reduce purification steps. In summary, there exists a vast litera-
ture on improving prokaryotic expression of antibodies; this is a
testament to the importance of this process as an obstacle for
structural studies, and the recent progress that has been made
towards overcoming the challenges discussed above.

Despite the advancement in bacterial antibody fragment ex-
pression, it is interesting to note that all but one (Bos d 5) of the
crystal structures of allergen-antibody complexes have used an-
tibody Fab or Fab′ fragments generated from mammalian ex-
pression systems (Table 1). This is consistent with our experi-
ence that obtaining soluble functional antibody constructs from
patient-derived sequences expressed in bacteria remains

difficult. To elaborate, many phage display technologies and
animal systems can select for proteins with optimized character-
istics. But expressing a particular cloned sequence against a
specific epitope has been problematic. Even when we have suc-
cessfully obtained a protein with favorable biophysical proper-
ties through grafting a desired CDR region onto a known soluble
ScFv, the resulting product did not display strong affinity for its
corresponding antigen (unpublished results). This may be a
product of protein instability, consistent with the camelid paper
above showing that the loops can influence stability [26].

The expression systems that have been most successful for
Fabs used in allergen-antibody complexes have been mouse
hybridoma and Chinese hamster ovarian (CHO) cell lines
(Table 1). (This analysis disregards the numerous lysozyme

Table 1 Crystal structures of allergen-antibody complexes

Antigen Allergen expression
system

Antibody Antibody
expression
system

Co-purified
by SEC

Crystallization conditions PDB code

Api m 2 Insect cells
(High Five)d

Fab; IgG1 Mus musculus
hybridoma cells

Yes 0.1 M CHES pH 9.5, 0.2 M NaCl,
10% PEG 8000

2J88 [12]

Bet v 1 E. coli Fab′; IgG1 Mus musculus
hybridoma cells

Yes 0.1 M sodium citrate pH 4.0, 12%
PEG 6000, 0.01% sodium azide

1FSK [14]

Bla g 2 Pichia pastoris Fab′, 7C11, IgG1 Mus musculus
hybridoma cells

Yes 0.1 M sodium citrate pH 5.6, 16%
PEG 10,000

2NR6 [18]

Bla g 2 Pichia pastoris Fab′, 4C3, IgG1 Mus musculus
hybridoma cells

Yes Buffer unknown, 20% PEG 8000,
8% ethylene glycol, 0.2 mM
CdCl, 5 mM DTT

3LIZ [19]

Bos d 5 E. coli Fab E. coli RV308 No 0.1 M BTP pH 5.5, 14% PEG 3350 2R56 [13]

Der f 1 D. farinae
mite culture

Fab; IgG1 Mus musculus
hybridoma cells

Yes 0.1 M HEPES pH 7.0,
18% PEG 12,000

3RVV [17]

Der p 1 D. pteronyssinus
mite culture

Fab; IgG1 Mus musculus
hybridoma cells

Yes 1. 0.1 M sodium cacodylate pH 6.0,
15% PEG 4000

2. 0.1 M HEPES pH 7.0,
10% PEG4000, 0.05 M GlyGlyGly

1. 3RVW
2. 3RVX [17]

Der p 1 D. pteronyssinus
mite culture

Fab; IgG1 Mus musculus
hybridoma cells

Yes 0.1 M MES pH 7.0, 10% PEG 6000,
5% MBP

4PP1 [16]

Der p 1 D. pteronyssinus
mite culture

Fab; IgG1 Mus musculus
hybridoma cells

Yes 0.1 M sodium citrate pH 5.5,
15% PEG 6000

4PP2 [16]

Fel d 1 CHO Fab; IgG4f CHOc Yes 0.1 M sodium cacodylate pH 6.5,
0.2 M calcium acetate,
40% PEG 300

5VYF [25]

Gal d 4
(lysozyme)

Unknown VH domain; phage
displayed

E. coli BL21 Goldb Yes 1. 0.1 M sodium citrate pH 5.4,
28% PEG 1500

2. 0.3 M sodium citrate pH 5.5,
16% PEG 3350

1. 4PGJ
2. 4U3X [26]

Phl p 2 E. coli BL21e Fab; IgE variable,
IgG constant

CHO-K1 Yes 0.2 M NaFormate, 20% PEG 3350 2VXQ [15]

Phl p 7 E. coli BL21
star DE3a

Fab; IgG1 FreeStyle 293Fa Unknown 18 C, 0.1 M MES pH 6.5,
15% PEG 6000, 10% MPD

5OTJ [27]

a Life Technologies
b Stratagene
c Regeneron
d Thermo Fisher
e Purchased from BIOMAY
f S228P, to promote disulfide bond stabilization
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antibody structures.) Immortalized B lymphocytes generated by
hybridoma technology have been used to produce monoclonal
antibodies since the 1970s [63]. These hybridoma cells can con-
tinuously generate pure and functional monoclonal antibodies in
culture medium and were used in the production of nine of the
allergen complex crystal structures in Table 1. Currently, the
most common production system for monoclonal antibodies is
recombinant expression in mammalian cells including CHO and
human embryonic kidney (HEK) 293 cells. These systems were
used to solve antibody complex structures with Phl p 7, Fel d 1,
and Phl p 2 (Table 1). HEK 293 cells are commonly used due to
high transient transfection efficiency and human-like glycosyla-
tion. Antibody production in these cells can reach 0.1~0.3 g/L in
batch and 0.1~0.6 g/L in fed-batch processes [64]. That said,
CHO cells remain the predominate host cell line used for mono-
clonal antibody production, with yields of ~ 1 g/L in batch and
1~13 g/L in fed-batch processes [64]. This is enhanced by com-
mercially available ExpiCHO-S expression systems containing
improved media to help reach higher cell densities and poten-
tially increased protein yields [65, 66]. Once antibodies have
been obtained using these systems, bead immobilized papain
can be used to remove the Fc domain, generating the Fab frag-
ment for crystallization.

The end product of these steps is the generation of purified
antibody/antigen complexes with biochemical and biophysi-
cal properties amenable for structural studies. However, even
at this stage, there is no guarantee that complex crystal struc-
tures will be obtained. Crystallization often requires screening
of thousands of conditions as well as many modifications of
the protein construct to obtain diffraction quality crystals.
Despite the typically tight nanomolar affinity of antibodies
to antigens and co-purification of the complex using gel filtra-
tion, on more than one occasion, crystals we obtained from a
purified complex contained only antibody fragment (unpub-
lished and Mueller et al.) [58]. Another approach to obtaining
complex structures may be cryo-electron microscopy (cryo-
EM) which requires significantly less material than crystallog-
raphy [67]. However, difficulties remain in terms of sample
preparation, particularly the identification of appropriate
freezing conditions, and data analysis. These difficulties are
counterbalanced by recent advancements in cryo-EM that sug-
gest the feasibility of solving molecular structures to 3.2 Å
resolution on proteins as small as 64 kDa [68]. While this
resolution is still unable tomatch those obtainable from crystal
structures, they can provide an understanding of specific
antibody-allergen interactions while avoiding some of the dif-
ficulties associated with crystallization. Given these advance-
ments, obtaining near-atomic resolution structures of com-
plexes between Fab fragments (50 kDa) to larger allergens is
now feasible. Additionally, structures of complete antibody
(150–190 kDa) complexes may also be possible, though the
flexibility between the Fc and Fab regions presents additional
challenges for data processing and image analysis.

Nonetheless, the rapid pace and development of cryo-EM
technologies yields optimism that this technique may be use-
ful for gleaning more antibody epitope information than is
currently possible with crystallography.

Conclusions

Recent complex structures of allergens with antibodies are
providing detailed epitope information. This data has been
useful in describing the epitope of an antibody used in a phase
I clinical trial, understanding antibody recognition of complex
molecular surfaces, and redefining the number of epitopes that
can be recognized by one antibody. Clearly more epitope data
could be useful in a number of future applications, and new
technologies may promote this kind of research.
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