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Abstract:

Background: Anaphylaxis represents one of the most severe atal forms of allergic
reactions. Like most other allergies, it is caugpdn activation of basophils and mast cells by
allergen-mediated cross-linking of immunoglobulinIBE) bound to its high affinity receptor
FceRI on the cell surface. The systemic release afldelmediators induces an inflammatory
cascade rapidly causing symptoms with peak sevenityninutes to hours after allergen
exposure. Primary treatment for anaphylaxis comsisimmediate intramuscular administration

of adrenaline.

Objective: While adrenaline alleviates life-threatening syomps of an anaphylactic reaction,
there are currently no disease-modifying intervardi available. Here, we sought to develop
potent and fast acting IgE inhibitors with the i@ to rapidly terminate acute allergic

reactions.

Methods: Using affinity maturation by yeast display and usture-guided molecular
engineering, we generated three optimized disraptE inhibitors based on designed ankyrin
repeat proteins (DARPIns) and assessed their yaliditactively remove IgE from allergic

effector celldn vitro as well as inn vivo in mice.

Results: We report that the engineered IgE inhibitors rhpitissociate preformed IgE:ERI
complexes, terminate IgE-mediated signaling in goevated human blood basophils vitro

and shut down pre-initiated allergic reactions andphylaxis in micen vivo.

Conclusions: Fast acting disruptive IgE inhibitors demonstrtie feasibility of developing
kinetically optimized inhibitors for the treatmeoit anaphylaxis and the rapid desensitization of

allergic individuals.
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Key messages:

» Fast acting disruptive IgE inhibitors rapidly angtemically desensitize allergic effector
cells.

* Pre-initiated anaphylaxis is significantly allewdt through application of fast acting
disruptive IgE inhibitors.

Capsule Summary:

We engineered ultrapotent disruptive IgE inhibittirat desensitize allergic effector cells within
minutes. Systemic application of the inhibitorsofees IgE-mediated anaphylaxis even post

allergen exposure in vivo.

Key words: Active desensitization, affinity maturation, allexg, anaphylaxis, DARPIns,
disruptive IgE inhibitors, Fc-fusion, IgE, knobstioles, yeast display.

Abbreviations: BMMC: bone marrow derived mast cells; BMMCbone marrow derived mast
cells from transgenic mice expressing the humah hf§nity IgE receptor; DARPIns: designed
ankyrin repeat proteins; #RIIb: inhibitory IgG Fc-receptor; hukERla: human high-affinity IgE
receptor alpha chain subunit; hulgE: human immuniagin E; IgE: immunoglobulin E, JW8-
IgE: 4-Hydroxy-3-iodo-5-nitrophenylacetyl hapten esgfic IgE; KIH: knobs-in-holes
heterodimeric 1gG1-Fc; NIP-BSA: 4-Hydroxy-3-iodorirophenylacetyl hapten conjugated to

bovine serum albumin.
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Introduction:

While the number of annual hospitalizations duartaphylactic reactions is difficult to track and
varies considerably across geographic locatiotifg-time prevalence of 0.05-2 % in the US and
Europe has been estimatédand the frequency is on the AsEvery year hundreds of patients
die due to an unexpected episode of severe systeméphylaxis Mechanistically, an
overwhelming amount of clinical and experimentablence indicates that the predominant form
of human anaphylaxis is immunoglobulin E (IgE) degent. The most common allergens
inducing anaphylactic reactions are found in fo¢elg. peanuts, tree nuts, fish or shellfish),
drugs (e.g antibiotics, nonsteroidal anti-inflamamgtdrugs, chemotherapeutic agents) or animal
venoms (e.g. insect stings, snake bfteshtigen-mediated cross-linking of allergen-spieci§E
bound to the high-affinity IgE receptor @Rl) on mast cells and basophils induces cellular
degranulation and the immediate release of varipteformed (e.g. histamine, tryptase,
carboxypeptidase A, and proteoglycans), or de naeyothesized (e.g. prostaglandins,
leukotrienes, platelet-activating factor and cytms) soluble mediatdr® Clinical symptoms
secondary to degranulation peak in severity withinutes to an hour depending on the route of
antigen exposufe

The universal first-line therapy for anaphylaxisti® immediate intramuscular application of
adrenaline (i.e. epinephriffe)Second- and third-line treatments consist of Begaonist, anti-
histamines or glucocorticoitls These interventions rapidly alleviate the potdhti fatal
symptoms of anaphylaxis, but they do not interfeith the underlying pathomechanism of the
disease. Currently, there is no suitable diseasdifgiiog treatment option that acts fast enough
to rapidly resolve the IgE-mediated allergic casca@he therapeutic monoclonal anti-IgE
antibody omalizumab (i.e. Xol&iy, which is approved for the treatment of allergiathm&® and
chronic spontaneous urticarta has been shown to bind and neutralize free segfY.
However, with an average peak response of 12-1&svieeallergic asthnfd and 1-4 weeks in
chronic spontaneous urticaiathe onset of action is too slow for use in acutaphylaxis.

We previously described a novel class of kinetjcalisruptive IgE inhibitorS based on
designed ankyrin repeat protein (DARPIn) scafffid§ These anti-IgE binders not only
neutralize free IgE but actively remove pre-bougi from FeRI on the surface of allergic
effector cells. The fusion of a disruptive DARPHE2( 79) to a non-inhibitory anchor DARPIn
(E3_53) results in a bi-paratopic anti-IgE bindei58_79) with markedly enhanced disruptive
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efficacy’®. These observations led us to ask whether kinbticésruptive anti-IgE inhibitors
could be developed with sufficient potency and\atgtito terminate an anaphylactic reaction.
Using a directed evolution and a structure-guidepr@ach, we have engineered highly potent
disruptive IgE inhibitors based on DARPIn scaffolthat rapidly desensitize pre-activated
human allergic effector cells vitro and resolve ongoing systemic IgE-dependent anagisyh

Vivo in mice.

M ethods

See the Methods section in this article’s Onlingds#tory at www.jacionline.org for detailed

information about reagents, protein expressionstatljzation, crystallographic data collection

and refinement, yeast library construction, MACSI dPACS selections, protein interaction
measurements, cell culture models, western blgttangd mouse models for epicutaneous

sensitization and passive systemic anaphylaxis.

Human samples and animals

Human blood donors were recruited at the Bern UsityeHospital with approval from the local
ethics committee (KEK 2018-00204). Informed conseat obtained in accordance with the
Helsinki Declaration. Mice that are transgenic tfoe human FRla but lack the mouse ERIla
(hu FeRIla") were obtained from Prof. Jean-Pierre Kinet. Deutthnsgenic mice expressing
human IgE and human Rla (hngE/huFeRIadtg) were licensed from GenOway S.A. All

animal experimentation was approved by the locahahcommittee (BE66/18).

Statistics

Statistical analysis and calculations describetthénfigure legends were carried out in Prism 8.0
software (GraphPad Software, La Jolla, Calif). mse of biological replicates, individual
datapoints are shown. For technical duplicatesadinather graphs, data are displayed as mean +
SEM.

Reaults:
Structural basis of IgE-anchoring by the non-competitive DARPin E3_53
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To gain insight into the binding epitopes of theeypously published bi-paratopic anti-IgE
DARPIinbi53 798 we crystallized IgE-Fg, complexes with E3_53 and E2_78id. 1, A and

B; Fig. E1, A-D) and solved the structure to a resolution of 2(88ble E1). E3_53 binds IgE
distal to the FeRla binding site and parallel to E2_79, placing it>pnoal to the CD23 binding
site Fig. 1, A andFig. E1, E-F). Both DARPIns bind IgE in similar N-C orientat®ifig. 1, B).
When fused to the E2_79 C-terminus E3_53 interfeviés disruption activity, while E3_53
fused to the E2_79 N-terminus markedly enhancesigtisn'®. This structure reveals that the
nonfunctional C-terminal fusion (bi79_53) spansoager solvent accessible surface distance
(SASD) on a single IgE chain than N-terminal fusiopotentially accounting for its reduced
activity relative to bi53_79Table E2).

The E3_53:IgE interface buries ~1000 & surface area on each IgE chain across #8eadd
Ce4 domains. The IgE €2 domain F-G loop protrudes prominently into a madormed by the
N-terminal capping domain, internal-repeat 1 (IRi)d internal-repeat 2 (IR2) of E3_Fdd. 1,

C). This positions IgE-P533 in a hydrophobic pockdiacent to E3_53-T48, L53, Y56, and L86
(Fig. 1, D). Internal-repeat 3 (IR3) makes extensive contaats IgE, including a salt bridge
between IgE-R525 and E3 53-D111, and multiple hyelnobonds with both the AB and EF
helices of €3 (Fig. 1, C). Interactions also occur within the invariant B3_C-terminal capping
domain, including a salt bridge between IgE-K35d Bx156 of E3_53, and interactions between
E3 53-F145 and a hydrophobic patch formed &8 @y F346, 1350, and R35Fi@. 1, C).
E2_79 interactions with IgE are similar to thoseerved in a previously determined structtire
IgE exhibits conformational flexibility in its £ domains relative to the stable4Cdimer. The
flexible Ce3 domains adopt an open conformation when bindirthé FeRlo™*% while CD23-
bound IgE adopts a closed conformatiorThese receptor interactions are mutually exchusiv
2223 Although E3_53 does not compete withelRt, the structure reveals that it interacts with
both G3 and G4 domains, raising the possibility that E3_53 coatd as a partial allosteric
modulator and enhance bi53_79 disruptive acti@ymparison of E3_53:IgE interface residues
in the FeRla complex (open) and the E3_53 complex (closed) shomor displacements in the
E3_53 epitope within the 3 AB and EF helicesHg. 1, D). In contrast, a major portion of
CD23 interactions, a known allosteric modulatorgcuws with the mobile €3 CD loop Fig. 1,
E-F).
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To examine the impact of IgE conformational change€3 53 interactions, we measured the
kinetics of E3_53 binding to free IgE and IgERtn complexes Kig. 1, G and Table E3).
E3_53 dissociates slightly faster from IgERtn complexes, yet has a similar affinity for both
free and receptor bound IgE, consistent with peesays. We also determined the half-
maximal disruptive concentrations (e of E3_53, E2_79, a mix of E2_79 and E3_53, and
bi53_79. FeRla coupled beads were loaded with biotinylated-IgE-HbIgE-F6.4), washed,
and treated with each agent or mix of agents asdyasl for remaining bigE-k¢ (Fig. 1, H).
The E2_79 D& is modestly improved in the presence of soluble 33but is dramatically
improved when covalently fused to E3_53 in bi53 E3. 53 slightly enhances the loss of bead-
bound IgE alone. These results confirm that E3 Bfagrily acts by anchoring E2_79 to
complexes in bivalent molecules, but it may alsabgeak allosteric modulator or catalyst for
E2_79 mediated disruption.

High affinity anchoring domainsincr ease disr uptive potency

Given the anchoring role of E3_53 in enhancing bi#Bdisruptive activity, we hypothesized
that increasing the dwell time of E3_53 on IgEffe complexes could further improve the
potency of bi53_79. We therefore engineered a hifjhity E3_53 variant using yeast display
(Fig. 2, A). A ~3.0 x 16 transformant error prone library was generatechfié3_53, using a
T48N mutation to remove a potential N-linked glygasion site. Libraries were incubated with
preformed blgE-Fe4FceRla complexes, washed, and then exposed to unlabgiedor 1-4
hours to isolate slowly dissociating variants mateg blgE-Fe.4 over five rounds of selection
(Fig. 2, A). These selections dramatically slowed the effectff-rate of bigE-FgsFceRIla
complexes in competitive binding experiments onsyeggig. E2, A). After five rounds, a
shuffled mutant library was generated to enrichffmorable and exclude unfavorable mutations
(Fig. E2, B and C). Following a further selection round, clone EO7#aswchosen for
characterization based on the number of enrichetatons Fig. 2, C). Mutations at the
interface were modeled into the E3 53 structureeakng new polar interactions, as well as
mutations that likely induce more complex rearrangets of neighboring residuesig. E2, D
and E). EO7 showed enhanced binding affinity to free Igid &E:FeRla complexes, primarily
driven by a 7-10-fold slower dissociation rafég. 2, C and Table E3). EO7 maintains a similar

preference for free IgE as E3_53, with ~2-fold werdbinding to intact IgE:FfRla complexes.
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We produced EO7 N-terminal fusions to E2_F&y( E3, A and B) and the resulting biEQ7_79
showed significantly improved IgE disruption in dedaased and SPR assaifsgy( 2, D and E).
Although the half-maximal disruptive concentrati@DCso) of biEO7_79 was lowered, IgE
release plateaued prior to achieving full disse@mbbtained with E2_79 or bi53_79 in bead-
based assays$-ig. 2, D). In SPR experiments, a similar effect is obserdedpite the shorter
contact times and continuous flowig. 2, E), although the SPR signals are confounded by
concurrent formation of inhibitor:IgE:ERla complexes. However, the enhancedspdirectly
correlates with the increased affinity of the E@¢leoring domainKig. E3, C).

We next assessed whether biEO7_79 is superior3® BP in desensitizing allergic effector
cells. We generated bone marrow derived mast ¢sism human FeRlo transgenic mice
(BMMC", Fig. E3, D) and loaded them with human NIP-specific JW8-IlgEBated them for 30
minutes with increasing concentrations of bi53_T%iE07_79 and subsequently stimulated
with NIP-BSA. While biEOQ7_79 reduced cell surfagk llevels and inhibited antigen-mediated
cell activation more efficiently than bi53_7Big. 2, F and H and Fig. E3, E and F), it also
induced spontaneous activation of the BMf®@ithout NIP-BSA stimulationRig. 2, G and
Fig. E3, G). These results suggest that biEOQ7_79 inducescgllation in the absence of antigen
by crosslinking IgE:FeRIo. complexes. Since we did not observe spontanedus@en with

bi53_79 this anaphylactogenicity is directly retate the affinity of the EO7 anchoring domain.

Linker redesign and FcyRIIb targeting improves IgE disruptive activity and effector cell
inhibition, while eliminating intrinsic anaphylactogenicity

Anaphylactogenicity of biEO7_79 could be causedthry more stable dwell time of the EQ7
anchor enabling the binding and crosslinking ofghboring IgE:FeRI complexes through the
E2_79 domain. We therefore reengineered the oti@@aA long (G4S)4 linker to reduce the
possibility of receptor crosslinking by truncatitige linker to (G4S)2, yet the truncation reduced
disruptive activity and induced higher anaphylaetagity compared to the original biEO7_79
(Fig. E4, A-C). We next sought to geometrically constrain tHatree positions of the anchoring
and disruptive modules through a knobs-in-holedHjKheterodimeric IgGFc fusion strategy.
For this second approach, short linkers were usddide EO7 and E2_79 DARPIns to the C-
termini of the KIH IgG-Fc, which aligned well with the N-termini of thevd DARPIns Fig. 3,

A). The KIH_EOQO7_79 construct not only provides a enstructured linker between the two
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DARPIns, but it also introduces the possibility the 1gG-Fc to engage inhibitory KRIIb
receptors present on allergic effector cells ancerehy further suppress potential
anaphylactogenicify. To examine the impact of binding FcyRIlb indepemty from the
structured positioning of E2_79 and EO7 in the Kdbhstruct, we generated two additional
trivalent DARPins. We fused the fRIIb-specific DARPin D17 to the N-terminus of bi53_79
and biEO7_79 to generate trivalent variants (tr83L 79 and trill_EO7_79) with the (G4S)4
linker (Fig. 3, A). KIH_EO7_79 showed increased disruptive actiaity lower plateau in bead-
and SPR-based assays while both trivalent varsmdwed reduced disruptive efficadyig. 3, B
and C) compared to their bivalent counterpafgy( 2, D and E).

All three proteins (KIH_EO7_79, tril1 53 79 and.iri EO7_79) were non-anaphylactogenic in
BMMC" (Fig. 3, D and E5, A and B), even though D11 has a 1000-fold lower affinity f
murine FgRIIb compared to its ~1.9nMKfor the human receptor. Consistent with resutisfr
bead-based and SPR IgE stripping assays, KIH_EOeri8ved IgE with higher efficacy than
trill_53_79 or trill_EO07_79 in cell-based (BMMCassays Kig. 3, D and Fig. E5, C). It
stripped IgE from cells within 30 minutes and shdwiee highest inhibitory potency in blocking
antigen-induced BMME activation at concentrations as low as 4-20 #\.(3, D and Fig. E5,

D). Together, these data indicate that conformatipasitioning of the anchoring and disruptive
domains on the IgGFc scaffold enhances intrinsic IgE disruption atti and eliminates
anaphylactogenicity of bispecific anti-IgE bindelrs.addition, the loss in disruptive efficacy of
the trivalent DARPIns is significantly compensafedby Fo/RIlb engagement.

We next compared the activities of these constmugitsg primary human basophils isolated from
grass-allergic patients=(g. E6, A). To examine the impact of humanyR¢tlb, basophils were
incubated with tril1_53 79, trill_07_79 or KIH_E®@% with and without prior blocking of
FeyRIIb. As observed on BMME(Fig. 2, H), biE07_79 was also anaphylactogenic on isolated
primary human basophil&ig. E7). In contrast, KIH_EO07_79, tril1_53 79 and tri@Z_79 did
not activate human basophils, even in the preseh&eyRIIb blocking Fig. 3, E and Fig. E6,

B). The trivalent DARPins and KIH_EO07_79 were renadlly more efficient in stripping IgE
than biEO7_79 or omalizumalFif. 3, E, Fig. E7 and Fig. E6, C) and blocking of FeRlIIb
partially reduced their potenc¥i@. 3, E). These results indicate that co-engagement ofanum
FcyRIlb with both high affinity (i.e. DARPin D11) antbw affinity (i.e. 1gG1-Fc) domains

increases the disruptive efficacy of the inhibitddstably, the relatively weaker IgE stripping by

10
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the trivalent DARPIns in the murine BMMUOs greatly improved in the presence of the high
affinity D11 interaction with human FRIIb in the basophils.

To assess the impact of the different variants amdn primary basophil activation, we
stimulated isolated basophilgth a 6-grass allergen mix after 30 minutes ofibitbr treatment
(Fig. 3, E and Fig. E6, D). Neither biEO7_79 nor omalizumab showed any itioi of basophil
activation in this experimental setufig. E7). However, KIH_EO7_79, trill 53 79 and
trill_EO7_79 all abrogated allergen-mediated baopittivation at low nanomolar
concentrationsKig. 3, E, and Fig. E6, D). Blocking of FgRIIb partially reversed the inhibition,
which could depend on enhanced/Riib-mediated recruitment to the basophils surfacen
inhibitory signaling through R®Ilb ITIMs. To examine potential induction of neiyat
signaling events, we assessed intracellulayRAb phosphorylation in the presence of the
inhibitors with or without FgRIlb blocking Fig. 3, F). Both trivalent constructs but not
KIH_EO07_79 induced an inhibitory signal throughyRtib phosphorylatiof?®® In summary, all
three constructs are highly efficient in removingEl from human primary basophils.
Furthermore, the data indicate that the trivalahikitors exhibit increased potency on human

cells through activation of inhibitory FRIIb signaling.

KIH_EO07_79 rapidly desensitizes aller gic effector cells and resolves ongoing anaphylaxis in
mice.

We selected KIH_EO07_79 to ass@&swivo efficacy in mice, because it showed the most goten
activity in BMMC" assays. In addition, the KIH_E07_79 lgEc domains might interact with
the murine neonatal Fc-receptor, extending serufdifeain mice?”*®> Omalizumab was used as
a benchmark in these studies. Double transgenie expressing human IgE and humanRda
were epicutaneously sensitized with ovalbumin bijydapical co-application with the vitamin
D analogue MC903Hig. 4, A). This model has been shown to induce a strofyr&sponse
leading to systemic sensitization with expandednemhil, basophil and mast cell potis:
Sensitized mice received one injection of eitheH KEO7_79, omalizumab or PBS on day 14.
Compared to EtOH control treated mice, sensitimatiath MC903 and OVA significantly
increased free blood plasma IgE and cell surfaBddgels on blood basophilsi@. 4, B and C)
and the sensitization of animals across groupssivagar prior to anti-lgE treatment on day 12

(Fig. 4, D-F). In contrast, free plasma IgE levels were suma@® hours after injection (i.e. day

11
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15) with both KIH_EO07_79 and omalizumabid. 4, G and H), but only KIH_EOQ7_79 rapidly
reduced cell surface IgE on blood basophils to Ibesévels in this short time perioi@. 4, |

and Fig. E8, A). We also quantified IgE levels on mast cells elts the injection site in the
peritoneum (PEC) or on basophils and mast cellamligrom the injection site in lung, ear skin
or back skin. While omalizumab showed no decreasaiiface IgE compared to the PBS control
group upon treatment, KIH_EQ7_79 significantly reelt IgE levels on basophils and mast cells
from all tissue source$(g. 4, J-M and Fig. E8, B-E). These data indicate that KIH_EO7_79 is
a fast acting disruptive IgE inhibitor that rapidigsensitizes allergic effector cells in circulatio
and peripheral tissués vivo.

Given the remarkable efficacy of systemic deseratittn with KIH_EO07_79, we sought to test
its immediate impact on acute anaphylactic reastiirst, we assessed whether it has the ability
to interfere with IgE-dependent cell degranulatfmrst allergen stimulation in vitro. For this
purpose, we sensitized BMNGvith recombinant human NIP-specific JW8-IgE, chiafjed the
cells with NIP-BSA and added either KIH_EQ7_79 arabizumab at different concentrations 5
minutes later. Cell activation was quantified 25utes after allergen stimulation by measuring
CD107a expressiorF{g. 5, A and Fig. E9, A). While KIH_EO07_79 dose-dependently inhibited
BMMC" activation in this setup, omalizumab showed noeaff Next, we tested how
KIH_EOQO7_79 performs when given after antigen clmgke in a passive systemic anaphylaxis
model in human FRla transgenic miceHig. 5, B). The mice received one injection of
recombinant human NIP-specific JW8-IgE to systethicsensitize allergic effector cells. The
next day, they were challenged with NIP-BSA antigen induce systemic anaphylaxis.
KIH_EOQO7_79, omalizumab or PBS were injected 5 mesytost antigen stimulation. As a read-
out for systemic anaphylaxis, we measured changbsdy core temperature over 2 houfgy(

5, B). KIH_EQ7_79 treatment significantly reduced thaximal drop in body core temperature
and shortened the recovery time, while there wasigrficant difference observed between the
PBS and omalizumab treated groups. The area uhdecurve for the body core temperature
measurements confirm a significantly lower anapttida reaction in mice receiving
KIH_EO7_79 Fig. 5, B).

Finally, to investigate whether KIH_EO7_79 may atesolve an ongoing allergic reaction in
human cells, we isolated primary human basophdsnfallergic donors and stimulated them

with grass-mix allergen. The cells were treatetiezits or 25 minutes post allergen challenge
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with KIH_EO7_79, omalizumab or PBS and activatiomswmeasured by CD63 surface
expression and leukotriene LTC4 release 50 minaftes allergen stimulatior~(g. 5, C). Both
CD63 surface expression and LTC4 release wereitatiby KIH_EO7_79 treatment 5 minutes
post allergen challeng€&i@. 5, D and Fig. E9, B), while omalizumab treatment had no effect. At
25 minutes post allergen challenge KIH_EO7_79 mneat no longer suppressed activatibig(

5, E). To determine whether inhibition can also be o=@ in the presence of physiological
levels of free IgE, we collected whole blood ofeirgrass allergic patients with up to 533 kU/I
total IgE and performed a KIH_EQ7_79 dose titrattominutes post allergen challended. 5,

F). KIH_EQO7_79 suppressed basophil activation a#tbergen stimulation at concentrations
higher than 100 nMHKig. 5, G and Fig. E9, C). Importantly, without allergen challenge
KIH_EOQ7_79 treatment alone does not activate bakoffig. 5, H). To determine the window

of opportunity for KIH_EQ7_79 to suppress basoplaiivation, KIH_EO7_79 was added to the
whole blood at different time points after allergastivation Fig. 5, ). Significant suppression
of basophil activation was achieved up to 10 misyest allergen stimulatiof¥ig. 5, J).

Basophils release pre-stored granular mediatorg. (eistamine) andde novo produced
arachidonic acid derived products (e.g. leukotrsemad prostaglandins) within minutes after
IgE-dependent stimulatidh However,de novo synthesized cytokines are released with slower
kinetics with IL-4 peaking at 4-6 hours and IL-1324 hours post IgE cross-linkitig”* These
mediators are important for the allergic late phasaction as they are involved in the
recruitment and activation of inflammatory c&llsUsing isolated basophils, we tested whether
KIH_EOQO7_79 could inhibit release ale novo synthesized IL-13, when applied post allergen
challenge. Indeed, IL-13 release was significaatlppressed at 5 and even at 25 minutes after
allergen challenge~{g. 5, K and L). KIH_EO7_79 can evidently interfere with Rl signaling
that drives both early and late phase reactionssapgress de novo cytokine biosynthesis over a
longer time window after antigen activation. Togaththese results demonstrate the remarkable
potency of KIH_EO7_79 to rapidly terminate predaiéd allergic effector cell signaling

consistent with its ability to systemically blockuwe allergic anaphylaxis.
Discussion

We have applied structural, biophysical and immaglal studies to engineer bivalent anti-IgE

agents that can rapidly disarm effector cells termipt a pre-initiated allergic signaling cascade.
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These bivalent inhibitors act by localizing an bitory anti-Igg DARPin (E2_79) proximal to
the IgE:FeRI interface using a second non-inhibitory anti-IBBRPin (E3_53 or EQ7) as an
anchor to the receptor complex. This anchoring @agr enhances the ability of E2_79 to bind
to IgE within the complex and accelerate IgE dis#omn from FeRI. We reasoned that
increasing the affinity of the anchoring domain Idoimprove the disruptive potency of bivalent
IgE inhibitors, which is borne out by our experintgewith the affinity matured EO7 variant of
E3_53. However, increasing anchor affinity alsoutesl in inhibitors that spontaneously
activated effector cells. Further rounds of inlobiéngineering revealed that positioning the two
DARPin domains using an IgG-Fc scaffold and engageraf FgRIIb inhibitory receptors both
eliminated the spontaneous activation of effecalscand increased the potency of IgERL
complex disruption. Our resulting inhibitor, KIH_EQ79, strips IgE from cell surface receptors
in minutes at low nanomolar concentrations andiianggs both early and late phases of allergic
cell activation after allergen-initiated signalings commenced.

Targeting IgE:FeRI complexes on mast cells or basophils with irtbilsi raises the possibility
of inadvertently triggering these cells throughemor crosslinking. Here we observed that
increasing the affinity of our anchoring DARPIn rmobi53_79 to bIEO7_79 resulted in
spontaneous activation. This is likely due to régeprosslinking and/or the formation of stable
non-disrupted inhibitor-IgE complexes, which is leled by a flexible glycine/serine interdomain
linker. In one approach to suppress this activatwa fused D11, a high affinity FRIIb
targeting DARPIn, to the bivalent DARPins to yieldl1l 53 79 and trill_EO7_79. Both
trivalent inhibitors exhibit worse disruptive potgn than their bivalent counterparts in
biochemical assays and failed to fully dissocia:FeRI complexes. However, the trivalent
molecules induce inhibitory signaling in human seahd localize to the cell surface via high
affinity binding of D11 to FgRIlb, which dramatically increased their potencycills. We
previously showed that co-ligation of #Rilb with FeRI is required for inhibitory activify.
Both trill 53 79 and trill_EOQO7_79 induce phospladigh of FgRIlb ITIMs on human cells,
consistent with the interpretation that their slovdesruption kinetics allows E&I:FcyRIIb
crosslinking.

We also used our structure of the IgE:E2_79:E3 dsBptex to design a C-terminal knob-in-hole
1gG;-Fc fusion (KIH_EO07_79) to suppress anaphylactaggnby restricting the positioning of

the two DARPiIn domains. With KIH_EOQO7_79, we obsengar complete dissociation of IgE
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receptor complexes in biochemical assays. The pptehKIH_EOQ7_79 is further enhanced by
interactions with FgRIIb on basophils, as a blockade ofyRtdb reduces IgE stripping and
potency. However, in contrast to the trivalent DARY KIH_EO07_79 does not induce active
inhibitory signaling through R&IIb phosphorylation. The reason for this differens likely
twofold. First the Ig@Fc binds to FgRIlb with low micromolar affinity, over 1000-times
weaker than the DARPin D**® Second, KIH_EO07_ 79 exhibits more rapid and coreple
disruption of IgE:FeRI complexes in biochemical assays, reducing tlesipdity of co-ligating
FcyRIIb and IgE:FeRI complexes.

KIH_EOQ7_79 demonstrates the potential for an agfi-hgent to act as a rescue therapy for acute
allergic reactions and terminate pathologic IgE-fated inflammatory responses. KIH_EO07_79
inhibits degranulation of human basophils withitea-minute window post allergen exposure.
After ten minutes, KIH_EO07_79 treatment no longerevents degranulation. However, the
release ofle novo synthesized IL-13 remained significantly inhibited KIH_EOQO7_79 up to 25
minutes after basophil activation, indicating thatsistent IgE signaling may be required der
novo mediator synthesis. Consistent with these obsemnatieal time measurements of calcium
flux in human mast cells suggests that IgE siggailmiuces sustained intracellular calcium flux
for at least 30 minutds and the phosphorylation of NFAT and transcriptioh multiple
cytokines occur on similar timefrant&d® While the release of pre-stored and rapidly
synthesized mediators during anaphylaxis may alwagsire ultrafast interventions, our data
suggest that IgE disruption can aid in suppresgiagynthesis afle novo allergic mediators like
IL-13 after allergen exposure even at later timéngso Blockade of these events may have
important therapeutic implications given the rofebasophil and mast cell derived cytokines in
perpetuating allergic immune polarization and IgEodoction upon repeated allergen
exposuré*t

Although DARPins are small artificial binding prote with a limited clinical history as
compared to monoclonal antibodies, multiple DARPi@a/e now entered human trf&i§’
KIH_EQ7_79 is a Ig@Fc fusion and should exhibit enhanced serum lfalfédnd tissue
transportin vivo as compared to individual DARPfs While an IgE inhibitor is unlikely to
completely supplant auto-injectable adrenalinehim thanagement of anaphylaxis, the rapid and
complete inhibition of IgE mediated signaling coud# used as an adjunct therapy or to

accelerate the management of a wide range of alldigprders.
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545 Figure 1. Structure of E3 53 and E2 79 in complex with IgE-Fc3-4. (A) IgE-Fa.
546 4:E3_53:E2_79 complex(B) Relative positions of E2_79 and E3_53 DARPIn NGt
547 capping and internal repeat (IR) domairf€) Detailed views of E3_53(green):lgE(grey)
548 interface showing polar interactions or hydrogemdso(black dashesD) A single chain of
549 IgE-Fg.4 from the IgE-Fe4E3 53:E2 79 complex (greemligned to site-2-proximal €2
550 domain of the FeRla:IgE-Fa.4 complex (grey). (Inset) displacement of Ig-@sidues at the
551 E3_53:gE interface (black arrowsjE) Comparison of E3_53 and CD23 footprints on Igk-Fc
552 4 (F) Relative position of CD23 to a single chain of 4§&_.4from the CD23:1gE-F£4 complex
553 (yellow) aligned to the site-2-proximale€ of the IgE-FgsFccRla complex (grey). (Inset)
554  displacement of IgE-€residues at the CD23:I1gE interface (black arro@s).Binding kinetics
555 of E3_53 to free IgE or IgE immobilized ondRla as assessed by BI(H) Disruption of bigE-
556  Fc.4 immobilized on FeRla functionalized beads after a 30-minute incubatieth indicated
557 anti-lgE agent. Data is shown as mean + SEM.

558

559  Figure 2. Affinity maturation of E3 53. (A) Schematic of the yeast-based selection scheme.
560 (B) Mutations observed in EO7, and their position i Of outside of (N) the E3_53:IgE
561 interface. The N48D* mutation in EQ7 arose from plagental library T48N mutanfC) Binding
562 kinetics of EQ7 to free IgE or IgE immobilized onsRla as assessed by BI(D) Disruption of
563 blgE-Fg.4 immobilized on FeRla functionalized beads after 30 minutes with intbdaanti-
564 IgE. (E) SPR disruption assay, with Sus11-IgE immobilized FmaRlo. exposed to anti-IgE
565 agents. F-G) BMMC"Y loaded with 3 nM JW8-IgE and treated for 30 misuteith IgE
566 inhibitors at the indicated concentrations and ss= for ) IgE stripping (desensitization) and
567 (G) spontaneous activation (anaphylactogenicity)eAfteatment cells were stimulated with 100
568 ng/ml NIP(7)-BSA for 30 minutes and then assessd(®) activation (antigen activation).
569 Assays E-H) were performed with the same cells and in tedirdaplicates. Data is shown as
570 mean = SEM.

571

572 Figure 3. Engineering novel linkers and fusions for bivalent disruptive inhibitors. (A)
573 Schematic of novel linkers and fusior{®) Disruption of blgE-Fg4 immobilized on FeRla
574 beads after 30 minutes with anti-lgE ageniS) SPR disruption assay, with Susll-IgE
575 immobilized on FeRla exposed to anti-IgE agentD) BMMC" loaded with JW8-IgE and
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treated for 30 minutes with anti-lgE agents, assksdor activation (CD107%
(anaphylactogenicity) or IgE stripping (desenstia). After treatment cells were stimulated
with NIP(7)-BSA for 30 minutes and then assessed dotivation (CD1079 (antigen
activation). All assays in)) were performed with the same cells and in tecirdaplicates(E)
Basophils from allergic donors (n = 4) were tredtmd30 minutes with anti-IgE agents, assessed
for activation (CD63) (anaphylactogenicity) or IgE stripping (deseusition). After treatment
cells were stimulated with a predetermined,fGf 6-grass allergen mix for 30 minutes and
assessed for activation (CD$3antigen activation). Assays were conducted waithwithout
DARPin D11 FgRIIb blockade(F) Allergen stimulated cells frortE) were lysed and analyzed
for phosphorylation of R&RIlb (pFo/RI1Ib). GAPDH is shown as loading control. DatgBand

D) is shown as mean + SEM. (B) individual datapoints and mean + SEM are shown.

Figure 4. KIH_EO7_79 rapidly desensitizes basophils and mast cels in vivo. (A)
hulgE/huFeR10™ mice were epicutaneously sensitized with EtOH+O3AVMC903+0OVA (n =
3-4 per group) for 14 days. Following sensitizatidree blood plasma IgEB) and blood
basophil surface IgE level{C) were quantified. (D) hulgE/huFeRIc™™® mice were
epicutaneously sensitized with MC903+OVA (n = 5 gesup) for 14 days. On day 1243,
prior to treatment, free blood plasma I¢E) and blood basophil surface IgE levél§ were
assessebbr each treatment group(G) hulgE/huFeR1a™"
with MC903+OVA for 14 days, prior to treatment wihuM KIH_EOQ7_79, omalizumab or PBS.

Mice were sacrificed 9 hours post treatment on &y Ty;5) and free blood plasma Igl) as

mice were epicutaneously sensitized

well as cell surface IgE levels on blood basopfhiisperitoneal cavity (PEC) mast cefly, lung
basophils(K), ear skin basophilf.) and back skin mast cel($1) was quantified. Statistical
significance was calculated by one-way ANOVA folkdvby Dunnett’s multiple comparison
post hoc test. Data is shown as individual datapand mean + SEM.p*< 0.05, **p < 0.01,

*** n < 0.001, ns: not significant.

Figure 5. KIH_EO7_79 interrupts anaphylaxis in mice and in human cells. (A) BMMC"
were sensitized with JW8-IgE, challenged with NBHESA and treated with KIH_EO7_79 or
omalizumab 5 minutes post-challenge (in technicglidates). Activation was assessed after 25
minutes (CD1079. (B) hFeRIla" mice (n = 5-8 per group) were sensitized with J\yB;
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challenged with NIP(20)BSA, and treated 5 minutestychallenge with PBS, KIH_EOQ7_79 or
omalizumab. Core body temperature of mice is shawrmelta A) temperature, with the area
under the temperature curves (ins@) Isolated primary human basophils from allergic aisn
(n = 3) were stimulated with grass-mix allergen arehted 5(D) or 25 minutes(E) post-
challenge with PBS, KIH_EO07_79 or omalizumab. SeefaCD63 and LTC4 in the cell
supernatants were measured 50 minutes post-challig)dwWVhole blood from allergic donors (n
= 3) was incubated witfG) or without(H) grass-mix allergen and treated with KIH_EQ07_79
after 5 minutes. Stimulation with an antieRta antibody is shown as control. Surface CD63
was measured 25 minutes post-challer{¢je Whole blood from allergic donors (n = 3) was
stimulated withgrass-mix allergen and treated with KIH_EOQ7_7%aious time points post-
challenge. Grass-mix allergen only and an antiRffe antibody treatment controls are shown.
Surface CD63 was measured 25 minutes post-challéhge(K) Isolated primary human
basophils from allergic donors (n = 3) were stinediawith a predetermined Bgof grass-mix
allergen and treated either 5 or 25 minutes péstgan challenge with PBS or KIH_EQ07_79 or
omalizumab. Interleukin-13 (IL-13) in supernatamias measured 18 hours post-challenge.
Significance was calculated by two-way ANOVA folled by Dunnett's multiple comparison
post hoc test or by one-way ANOVA followed by Tuleynultiple comparison post hoc test.
Data is shown as individual datapoints and meafeM.S'p < 0.05, **p < 0.01, ***p < 0.001,

ns: not significant.
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