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ABSTRACT
TrYbe® is an Fc-free therapeutic antibody format, capable of engaging up to three targets simultaneously, 
with long in vivo half-life conferred by albumin binding. This format is shown by small-angle X-ray 
scattering to be conformationally flexible with favorable ‘reach’ properties. We demonstrate the format’s 
broad functionality by co-targeting of soluble and cell surface antigens. The benefit of monovalent target 
binding is illustrated by the lack of formation of large immune complexes when co-targeting multivalent 
antigens. TrYbes® are manufactured using standard mammalian cell culture and protein A affinity capture 
processes. TrYbes® have been formulated at high concentrations and have favorable drug-like properties, 
including stability, solubility, and low viscosity. The unique functionality and inherent developability of 
the TrYbe® makes it a promising multi-specific antibody fragment format for antibody therapy.
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Introduction

The emergence of multi-specific antibody therapies offers the 
potential to transform clinical success beyond that of mono-
specific monoclonal antibodies (mAbs). These molecules can 
bring drug developers closer to the goals of broader and 
deeper clinical effects, long-term clinical remission or cure 
in various disease settings by accessing of ‘new biology’ which 
is not possible with monospecific mAbs.1,2 The desire to 
engage at least two target antigens has driven the develop-
ment of more than 100 novel antibody formats, the majority 
of which are based on the modular structure of an IgG.3 Of 
the bispecific antibodies in clinical development, a large 
number are Fc-null IgG or Fc-free formats, as there is grow-
ing awareness of the clinical development complexity and 
safety risk due to Fc effector functions within bispecific anti-
bodies. In particular, most full-length bispecific IgG T-cell 
engagers in the clinic use Fc-null variants. The alternative 
approach is to create truly effector-less, Fc-free, molecules, 
such as TrYbes®, BiTEs, TandAb, DART and bi-nanobodies. 
One of the bispecific antibodies currently approved, blinatu-
momab (Blincyto®), is an Fc-free BiTE, specific to CD3 and 
CD19 developed for ALL.4,5

The development of multivalent antibody formats has led to 
a growing awareness of unwanted side effects due to activation 
of a variety of immune-related biologics. Engagement of cell 
surface receptors can result in the activation of agonistic/ 
antagonistic signaling pathways or internalization. One exam-
ple is the development of a monovalent, one arm antibody 
specific to the c-Met receptor, an important target in cancer 

therapy.6,7 This format overcame the unpredictable agonistic 
response involved in undesirable tumorigenesis that was 
observed with the bivalent binding of a conventional IgG1 
antibody.8,9

Some soluble targets are multimeric in nature. For example, 
tumor necrosis factor (TNF) super family proteins are all 
trimeric, whilst members of the IL-17 family form dimers. 
Targeting multivalent antigens with bivalent bispecific antibo-
dies creates the theoretical propensity to form large antibody- 
antigen complexes, or immune complexes (ICs).10 Formation 
of ICs is a natural process as part of the humoral response, with 
these being cleared by Fc gamma receptors (FcγR) and com-
plement receptor-expressing phagocytes, which can prime an 
immune response. In a therapeutic setting, ICs that are large 
and insoluble could pose safety threats and are implicated in 
IC-driven reactions, including cytokine release and enhanced 
anti-drug immunogenicity.11,12 It is therefore important to 
consider matching key drug properties with those of the target 
and disease biology, such as target valency, turnover of soluble 
targets and the cellular expression profile, and internalization 
for cell membrane targets.

Here, we describe a multi-specific, Fc-free format known as 
the TrYbe®, conceived to bind to at least two different targets 
monovalently and to have a long in vivo half-life without 
engaging Fc effector functions.13, We show that this format is 
conformationally flexible with favorable reach transitions, 
properties that may be beneficial in enabling optimal multi- 
specific engagement of soluble and/or cell-surface targets in 
various mechanistic scenarios, as shown in Figure 1.14–16
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TrYbe® is a ~ 100 kDa protein constructed around an 
antigen-binding fragment (Fab) core, thereby taking advan-
tage of the natural heterodimerization of Fab light and Fab 
heavy chains. Fab C-termini are fused via glycine-serine rich 
linkers (S(G4S)2) to disulfide stabilized (ds-) single-chain vari-
able fragments (scFvs) (Figure 1). Disulfide stabilization has 
previously been shown to be beneficial for the stability of Fvs 

fused to Fabs17 and Fvs or scFvs used as the targeting partner 
of immunotoxin fusions.18–21 In contrast to previously 
reported Fab-scFvs, including the Fab-(scFv)2 format known 
as the Tribody,22–27 disulfide stabilization of scFvs is critical for 
the stability of TrYbes®.

To enable extended in vivo half-life, albumin recycling by the 
neonatal Fc receptor (FcRn)-dependent salvage mechanism is 

Figure 1. The TrYbe® and potential applications. An illustrative representation of the TrYbe® format with three target binding regions (Fab region 1, ds-scFv region 2 
and ds-scFv region 3). The TrYbe® is composed of a Fab fragment scaffold at its core and two ds-scFvs connected to the C-termini of the respective Fab light and heavy 
chain via S(G4S)2 linkers. DSBs are represented as – . Potential mechanisms of action of the TrYbe® are outlined. Abbreviations: neonatal Fc receptor, FcRn; Transferrin 
receptor, TfR; blood brain barrier, BBB. Figure 1 shows an inner circle in the center of the figure, containing a cartoon of the TrYbe® with the constant regions and 
antigen-binding regions indicated. Seven, equidistant arrows extend outwards from the circle and point to cartoons indicating a different mechanism of action of the 
TrYbe®: 1) immune modulation is represented by TrYbes® shown to co-engage with two different receptors on a cell and initiate a signal into the cell to indicate 
receptor activation or receptor inhibition. In another scenario a TrYbe® is shown to co-engage with receptors which indices a novel function via signaling or bind to two 
paratopes on the same receptor to elicit a biparatopic response. Jagged arrows are used to denote a signal inside the cell from each engaged TrYbe®-receptor 
complex; 2) co-receptor clustering is represented by a TrYbe® binding to two distally separated receptors on a cell. An arrow points to another TrYbe® which is now 
engaging two clustered receptors. A jagged arrow denotes a signal elicited inside the cell from the engaged TrYbe®-receptor complex; 3) Ligand- receptor co- 
localization is represented by a TrYbe® binding to a soluble ligand and a surface receptor on a cell. A jagged arrow denotes a signal inside the cell, elicited from the 
engaged TrYbe®-receptor complex; 4) Recruitment of immune cells shows a TrYbe® engaging a surface receptor on a target cell by one ds-scFv and another receptor on 
an effector cell by the other ds-scFv. A jagged arrow denotes a signal inside the cell, elicited from the engaged effector cell; 5) Piggybacking (FcRn recycling) is 
represented by a cell containing an endosome which is signified by a circle with receptors on the inner side. A TrYbe® is shown to engage to a FcRn recyclable ligand 
and subsequently is endocytosed into the cell. An arrow then shows the same TrYbe® in the endosome where the FcRn recyclable ligand also engages a endosomal 
receptor on the inner side whilst still bound to the TrYbe®. An arrow then shows the TrYbe® being exocytosed from the cell on the apical side whilst still being bound to 
the ligand; 6) Similar to 5), a TrYbe® is shown to engage a TfR receptor on the cell surface on the apical side. An arrow points to the TrYbe® now in an endosome, 
followed by another arrow point showing the TrYbe® transcytosed from the cell on the basolateral side; and 7) dual blockade is represented as a TrYbe® blocking the 
binding of soluble ligands to a cell and in another scenario, a TrYbe® blocking ligands binding to two receptors.
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exploited.28 One of the antigen-binding domains of the TrYbe® is 
specific for human serum albumin (HSA), as well as cross-reactive 
to albumin across rodent and non-human primate (NHP) species. 
This region is derived from the previously described humanized 
anti-HSA antibody, CA645.29

We have successfully engineered numerous TrYbes® co- 
targeting different antigens. To demonstrate the versatility 
and scope of this format’s utility, the biological activities of 
both obligate and non-obligate bispecific-targeting TrYbes® 
are highlighted. The functional benefits of monovalent target-
ing, rather than bivalent targeting of two different antigens, 
particularly in the context of multivalent ligands are also 
considered. In terms of manufacturability, we demonstrate 
that TrYbes® can be expressed and purified using standard 
processes due to their affinity for protein A, and that they are 
compatible with existing antibody downstream process(es) 
(DSP). In addition, we show that TrYbes® have favorable 
long pharmacokinetic (PK) and biophysical profiles, in addi-
tion to being compatible with clinically relevant formulations. 
The TrYbe® potentially occupies a valuable niche amongst 
multi-specific antibody formats because of its unique combi-
nation of monovalent, multi-specific target binding, Fc-free 
format along with extended serum half-life.

Results

TrYbe® shape and flexibility

A desirable property of multi-specific antibody formats is the 
optimal engagement of different targets, resulting in an 

effective and potent biological outcome. Molecular flexibility 
imparted by linkers and careful format design are important 
considerations for bispecific antibodies. To this end, SAXS, 
a solution-state, biophysical technique was used to determine 
the conformational flexibility of the TrYbe® format, as well as 
to provide information about its size, shape, orientation, and 
oligomeric state in solution. To visualize the average solution 
state conformations of a TrYbe®, a homology model was 
constructed from crystal structures of the individual Fab 
domains (anti-albumin Fab, PDB code 5FUO and undi-
sclosed Fab structures) used to construct TrYbe® A, 
a molecule with binding specificities to IL-17A, TNF and 
HSA (Table S1). The appropriate missing loops, residues, 
and linkers (Figure 2) were added before the data was fitted 
to the SAXS curve (Fig. S1, A-E).

The initial model shows the complementarity- 
determining regions (CDRs) of the three domains orientated 
in opposing directions, supporting the functional data 
reported in this study of simultaneous, multiple-target 
engagement. To visualize other potential orientations of the 
domains, we applied a multi-state modeling approach, gen-
erating 10,000 conformers in Multi-FoXS, with the best- 
fitting 5-state ensemble shown (Fig. S2). The conformers 
display a range of possible CDR orientations, as well as 
distances and angles between the rigid bodies, made possible 
by the inherent flexibility of the G4S linkers. It is clear from 
the visual representation of the multi-state modeling that the 
TrYbe® format has the potential to exist in a variety of 
different orientations. Taken together, the data support 

Figure 2. Atomic model and SAXS parameters of the TrYbe®. A) Ribbon representation of a TrYbe® homology model based on TrYbe® A showing the IL-17A binding 
Fab variable (purple) and constant (gray) regions, with the anti-TNF ds-scFv (blue) and anti-albumin ds-scFv (green) attached to the respective Fab light (pale) and 
heavy (dark) chain. Structural parameters Rg, porod volume (Vp) and Dmax obtained from SAXS analysis are displayed (see Table S2). B) A surface representation of the 
TrYbe® format highlighting orientation of the CDRs (solid purple) and modeled S(G4S)2 linkers (gray spheres). Figure 2 shows two models of the TrYbe® as deduced by 
SAXS analysis. Part A is a three-dimensional model showing the beta sheet orientations of the TrYbe®’s Fab, constant and ds-scFv domains within a dotted circle. The 
SAXS parameters (Rg, Vp, and Dmax) are indicated on this figure. These are mathematical measurements where Rg indicates the degree of compactness of a TrYbe®, Vp is 
the volume occupied by a TrYbe® and Dmax is the largest interparticle distance reached by a TrYbe®. Rg is represented by a dotted arrow starting in the midpoint of the 
TrYbe® and extends to the left toward the dotted circle. The value of Rg is indicated as 41.2 Å; Vp is represented by a dotted line connected to the dotted circle at 180° 
angle and extends inwards toward the TrYbe®. The value of Vp is given as 157,140 Å; Dmax is represented by a double arrowed dotted line that cuts across the diameter 
of the dotted circle from top to bottom at a 45° angle. The value of Dmax is given as 130 Å. Part B of the figure shows a model of the 3-D surface of the TrYbe® model 
where CDRs of each domain are highlighted.
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a conformationally flexible system in good agreement with 
the extracted structural parameters (Table S2).

Disulfide stabilization of scFvs improves TrYbe® stability 
upon storage

Disulfide stabilization of scFvs is known to improve their 
biophysical properties, particularly stability compared to 
their non-disulfide bonded counterparts. Various disulfide 
positions have been previously reported, although mostly 
tested in the context of Fv fragments, sometimes of murine 
v-regions, often expressed in or refolded from E. coli 
expressions.18–20,30–34 Weatherill et al.35 further probed six 
of these disulfide pairs in the context of scFvs secreted 
from mammalian cells where the peptide linker and endo-
plasmic reticulum folding environment could materially 
alter the vL-vH pairing dynamics.36 In agreement with 
Brinkmann et al.,34 VH44-VL100 (Kabat numbering) was 
determined to be the most optimal disulfide pairing in 
terms of retaining a good balance of accurate expression/ 
assembly, biophysical characteristics, including antigen 
binding and stability. This pairing was therefore selected 
to stabilize scFvs used in the TrYbe® since these too are 
secreted from mammalian cells.

ScFvs are prone to multimerization and aggregation, 
where many of the contributing factors, such as environmen-
tal conditions, linker-length, and V-region dependent 
dynamic exchange, are known.35,37–40 By further tethering 
scFvs or Fvs to other domains into larger fusions, multimer-
ization can be further compounded and has been demon-
strated to be largely concentration dependent.17,41 Indeed, at 
concentrations of ~5–10 mg/mL, high molecular weight spe-
cies (HMWS) form compared to none or minimal multimer-
ization at low concentrations (~1 mg/mL); importantly, this 
dependency was mitigated in their disulfide stabilized coun-
terparts. Disulfide stabilization may therefore be an impor-
tant consideration in terms of retaining product quality at 
high drug concentrations and its long-term storage.

A similar study was initiated to examine the impact of ds- 
scFvs and propensity of TrYbes® to form multimers when 
stored at 5 mg/mL. An extensive stability study of TrYbes® 
formulated to >100 mg/mL concentrations is also presented in 
this report. TrYbes® B and C and their non-disulfide bonded 
counterparts were >99% monomeric at 1 mg/mL in PBS, pH 
7.4 prior to the start of the experiment (Table S1; data not 
shown). These antibody fragments were concentrated to 5 mg/ 
mL and stored at 5°C over 28 days. During this time course, 
samples were analyzed by size exclusion chromatography 
(SEC) for HMWS. As shown in Figure 3, both TrYbe® B and 
C with ds-scFvs remained highly monomeric (>98%) over the 
time course compared to molecules bearing non-stabilized 
scFvs. In fact, molecules with non-stabilized scFvs started to 
multimerize as they were concentrated to 5 mg/ml (day 0). 
A linear increase in HMWS was observed over this time course 
with TrYbes® consisting of two non-stabilized scFvs, with this 
being more pronounced with TrYbe® C, signifying V-region 
dependency as a possible additional contributing factor. 
Molecules bearing one disulfide stabilized and one non- 

stabilized scFv also indicated a propensity to multimerize, 
although this was not as pronounced as those with two non- 
stabilized scFvs (data not shown). Thus, while the format with 
non-stabilized scFvs can be purified as a monomer at low 
concentrations, concentration steps, storage, and properties 
specific to the scFv contribute to multimerization over time. 
Disulfide stabilization mitigates multimerization, and thereby 
demonstrates this aspect to be technically advantageous for 
prolonging product quality and shelf life.

TrYbe® target binding properties

TrYbe® A was developed as a dual, anti-cytokine, bispecific 
which co-targets TNF and IL-17A, along with albumin bind-
ing. TNF and IL-17A are established mediators of inflamma-
tion and known to synergistically contribute to the 
pathogenesis of multiple inflammatory diseases.42–45 TrYbe® 
A consisted of a humanized IL-17A-binding Fab and huma-
nized TNF and albumin-specific ds-scFvs (Table S1).

In terms of affinity of the independent specificities, TrYbe® 
A displayed pM affinities to human TNF and IL-17A with no 
significant differences in their cross-reactivity to the NHP 
species (Table 1, A). The affinity of the CA645 ds-scFv for 
albumin across multiple species was conserved following 
reformatting and agrees with previously published data.17,29

The ability to engage all three ligands simultaneously was 
investigated by surface plasmon resonance where a mixture of 
all three antigens was injected over antibody captured on the 
chip and the binding response was compared to the total sum 
of the response when individual antigens were injected.17 The 
binding response of the combined antigen mixture was equiva-
lent to the sum of the responses of the independent antigens 

Figure 3. Disulfide stabilization and improved TrYbe® stability upon storage. 
TrYbes® B ( , ) and C ( , ) composed of disulfide-stabilized scFvs (filled 
symbols) or non-stabilized scFvs (open symbols) at 5 mg/mL in PBS, pH7.4 were 
incubated at 5°C for up to 28 days and monitored by SEC for HMWS on days 0, 8, 
15, 22 and 29 days. Figure 3 is a time course plot with time from 0 to 30 days on 
the X-axis and percentage HMWS on the Y-axis. Two lines are shown broadly 
parallel to the X-axis and represent TrYbes® with disulfide-stabilized scFvs. 
Another two lines that appear to show a linear increase represent TrYbes® with 
non-disulfide stabilized scFvs. The line representing TrYbe® B is shown to contain 
4% of HMWS on day 0 which progressively increases to > 5% by 28 days. Whist 
the line representing TrYbe® C shows a much steeper slope, registering ~5% of % 
HMWS on day 0 increasing to 13% HMWS on day 28.
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for both human and the NHP species, signifying the TrYbe® 
can bind all three ligands simultaneously without steric occlu-
sion by the antigens (Table 1, B).

TrYbe® functioning as a dual neutralizer of soluble ligands

TrYbe® A functionality as a TNF neutralizer was first studied 
independently of IL-17A using a murine fibroblast L929 assay. 
Here, L929 cells were stimulated by human (h) or cyno (c) TNF, 
which activates a signaling cascade resulting in apoptosis.46 In this 
assay, TrYbe® A showed no significant differences in potency 
(hTNF EC50 = 8.85 pM, cTNF EC50 = 7.36 pM) compared to 
the TNF inhibitor etanercept control (hTNF EC50 = 1.98 pM, 
cTNF EC50 = 1.09 pM; Fig. S3, A-B).47 Human fibroblast cells 
stimulated by IL-17A in combination with TWEAK, a known 
synergistic partner for IL-17A48 and without TNF, secrete the 
chemokine CXCL1. This release was completely suppressed by 
TrYbe® A to levels equivalent to a proprietary IL-17A binding IgG 
(Fig. S3, C-D).

Subsequently, the dual blockade of both antigens was demon-
strated in a neutrophil migration assay. TNF and IL-17A are key 
cytokines produced by Th17 cells and are known to indirectly 
induce the recruitment of neutrophils through the activation of 
non-hematopoietic tissue, such as synoviocytes of the joint.49,50 

Human rheumatoid arthritis (RA) synoviocytes were activated 
with supernatants from Th17 cells in the presence of monospecific 
antibodies, a proprietary IL-17A-binding IgG and TNF inhibitor 
etanercept either alone or in combination, or with TrYbe® A alone. 
An isotype-matched IgG was used as the negative control. With 
the monospecific antibodies, neutrophil migration was sup-
pressed, indicating a degree of cytokine blockade from receptor 
binding on the synoviocytes (Figure 4). TrYbe® A neutralized both 
cytokines, showing a deeper response compared to the individual 
monospecific antibodies and a comparable response to the mix-
ture of monospecific antibodies.

TrYbe® functioning as an obligate bispecific co-targeting 
cell surface receptors

An alternative bispecific role is illustrated with the develop-
ment of TrYbe® D that targets the B cell receptors, CD79a/b 

and CD22. These antigens are members of the B cell recep-
tor complex and were identified as an obligate bispecific pair 
that induce a novel inhibitory response of B cell activation.51 

This biology is critically dependent on the simultaneous co- 
engagement of the two cell surface receptors in-cis by 
a physically linked bispecific rather than a combination of 
monospecific antibodies targeting each receptor. The par-
ental rabbit anti-CD79a/b and anti-CD22 variable region 
pairs were validated in B cell signaling assays using the 
bispecific screening format, Fab-KD-Fab as described in 

Table 1. TrYbe® A binding kinetics and simultaneous binding responses to TNF, IL-17A and HSA.

A

Human Cynomolgus monkey
Analyte kon (1/Ms) koff (1/s) KD (M) kon (1/Ms) koff (1/s) KD (M)

TNF 5.54 x 106 6.43 x 10−5 1.16 x 10−11 8.90 x 106 6.38 x 10−5 7.16 x 10−12

IL-17A 5.52 x 106 1.00 x 10−5 1.81 x 10−12 1.67 x 106 1.00 x 10−5 5.99 x 10−12

HSA 7.75 x 104 1.35 x 10−5 1.74 x 10−9 5.83 x 104 1.59 x 10−4 2.72 x 10−9

B

Binding (RU)
Analyte Human Cynomolgus monkey

TNF 47 42
IL-17A 38 44
HSA 58 41
Total 143 127
TNF + IL-17A + HSA 130 118

TrYbe® A was captured to the sensor chip surface via a human F(ab’)2-specific goat Fab. A) Binding kinetics (kon, on rate; koff, off rate) and affinity (KD) of 
the captured TrYbe® to species-specific TNF, IL-17A, and serum albumin was determined. B) Simultaneous binding response of captured TrYbe® A to 
a mixed solution consisting of species- specific target antigens and serum albumin compared to the sum of the independent injections of target 
antigens or serum albumin.

Figure 4. Human rheumatoid arthritis synoviocytes seeded in the lower chamber 
of a 24-well trans well plate was stimulated with Th17 supernatants for 24 h and 
in the presence of isotype IgG as a negative control ( ), monospecific neutralizing 
antibodies alone, a proprietary anti-IL-17A binding IgG ( ) or with the anti-TNF-α- 
specific Etanercept ( ) or a combination of the anti-IL-17A antibody and anti- 
TNF-α antibody (Etanercept) ( ), whilst TrYbe® A ( ) was added alone. An 
unstimulated control ( ) representative of unstimulated human RA synoviocytes 
was also set up. To evaluate the inhibition of neutrophil migration, human 
leucocytes were seeded onto the upper transwell insert and after 6 h of incuba-
tion, neutrophils in the lower chamber were enumerated by flow cytometry. 
Statistical analysis was performed using a One-way Anova with either a Dunnet 
post-test using the negative control as the comparator; p < 0.0001 or Sidak 
post-test for direct group comparisons; p < 0.001. GraphPad prism v6 was 
used for statistical analysis.
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Bhatta et al. (Fig. S4, A-C).51 This format exploits the strong 
affinity of the 52SR4 antibody,52 for its antigen, the yeast 
transcription factor GCN4 peptide, to drive the non- 
covalent bispecific linkage of the two antigen-specific Fab- 
fusion modules (Fab-X (Fab-52SR4 scFv) and Fab-Y (Fab- 
GCN4 peptide).

The CD79a/b and CD22-specific co-targeting V-region 
pairs identified with novel biology were humanized and 
reformatted into TrYbes®. In this example, both CD79 
and CD22-specific binders were converted to ds-scFvs, 
and the anti-albumin module was placed in the Fab 
position, demonstrating the flexibility of the TrYbe® for-
mat to place binders in positions for optimal functional-
ity (Table S1). Importantly, converting the Fab-KD-Fab 
pairs into TrYbes® resulted in retention of the inhibition 
of the p38 and AKT B-cell signaling pathways in IgM- 
activated B cells, as exemplified by TrYbe® D (Figure 5 
and Fig. S4, D). A mixture of the CD79b and 
CD22 monospecific Fab-Y molecules showed no signifi-
cant inhibition of the pathways above the isotype control, 
thereby signifying the obligate bispecific nature of this 
molecule and ligand pair.

Monovalent TrYbe® targeting of multivalent antigens 
limits the formation of large antibody-antigen complexes

Although TrYbes® are multi-specific, they engage each target 
antigen monovalently. This aspect of antigen binding was 
further examined in the context of TrYbe® A binding to its 
multivalent antigens, the trimeric TNF and dimeric IL-17A. 
Two clinically relevant antibody formats were used as experi-
mental comparators in in vitro studies combining different 

molar ratios of drug and target antigens: the dual variable 
domain IgG (DVD-Ig) ABT-122,44 and a fynomer antibody 
(FynomAb) JNJ-63823539 (formerly and designated here as 
COVA322)63 (Figure 6a). These two molecules are both bis-
pecific and bivalent, i.e., they have two binding modules for 
both TNF and IL-17A. Although both share the same parent 
monoclonal TNF antibody adalimumab as a backbone, there 
are differences in structure and domain arrangement of both 
the IL-17A and TNF binders. They also both contain an IgG1 
Fc-domain, which might theoretically increase the biological 
implications of any immune-complex formation in vivo. Both 
ABT-12264,65 and COVA32266 had commenced early-phase 
clinical trials, with the COVA322 trial (NCT02243787) termi-
nated early. Notably, a high incidence of anti-drug antibodies 
(ADA) was observed with both molecules, hypothesized to be 
due to formation of large ICs.53,67

Complex size and size distribution formed upon mixing of 
the antibodies with their antigens at different drug-to-target 
molar ratios in vitro was determined using dynamic light 
scattering (DLS). DLS measures the scattered light intensity 
of particles in Brownian motion as a function of time. The size 
of complexes formed correlated with molar ratios: the largest 
complexes formed when molar ratios of antibody to target 
reached 1:1, with smaller complexes observed when either 
the antibody or the antigen(s) were present in excess 
(Figure 6b). This agreed with previously published data10,11 

and was true for all three antibody formats tested.
The most striking difference between the formats was 

observed with the trimeric TNF at a 1:1 ratio (which corre-
sponds to an equal number of antigen-binding sites available 
to antigen-binding domains). Each TNF trimer has three bind-
ing sites and therefore can form branched complexes with more 
than 1 antibody molecule. The DVD-IgG and FynomAb anti-
bodies in turn could bind two independent TNF trimers. Since 
TrYbe® A is monovalent, a maximum of three TrYbe® molecules 
can bind per TNF trimer and each TrYbe® can only bind a single 
TNF trimer. This combination produced the smallest complexes 
with TNF alone (Figure 6.2, a, i–ii). When the valency of the 
antibody is increased, the potential for larger and more hetero-
genous complexes also increases. It is notable that the parent 
antibody (adalimumab) of the bivalent bispecific antibody for-
mats has previously been reported to form large complexes with 
the target in vitro.68 This potential to form large aggregates 
in vitro was observed with both bivalent antibody formats, 
with the DVD-Ig forming the largest complexes that are 2–3 
orders of magnitude larger than the TrYbe® complexes 
(Figure 6b, a, i). As the TNF binder forms the outer V-region 
of the DVD-IgG, additional flexibility and reach are presumably 
contributing factors to the formation of larger complexes than 
those observed for the FynomAb.

The tendency to form large aggregates with the dimeric 
IL-17A alone was less pronounced, although the bivalent 
bispecific antibody formats did form larger complexes 
than with the TrYbe® (Figure 6b, b, i–ii). The IL-17A 
binding region in the bivalent formats is structurally and 
architecturally dissimilar; in the DVD-IgG it forms the 
‘inner’ V-region, whilst in the FynomAb, the IL-17A 
binding fynomers are fused to the C-termini of the IgG 
light chains. It is therefore reasonable to assume that they 

Figure 5. Inhibition of the p38 B cell signaling pathway by CD79b/CD22 -specific 
formats. In IgM-stimulated B cells, phosphorylation of the p38 B cell signaling 
pathway was inhibited by TrYbe® D ( ) and by the corresponding Fab-KD-Fab 
format ( ) Mixtures of CD22-Fab Y and CD79b Fab-Y ( ) and an isotype IgG ( ) 
were used as controls. Data shown is represented as mean (±SD) of three 
technical replicates. Figure 5 shows a typical sigmoidal response curve to inhibit 
p38 signaling with increasing dose of the two antibody formats. Lines corre-
sponding to the two antibody formats correlate well with each other and show 
a broadly linear increase in % inhibition from 0 to 100% at a starting dose of ~1 
x 10−2 nM and ~5 x 10−4 nM for the respective TrYbe® and Fab-KD-Fab formats.
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have different geometric properties compared to each 
other and in relation to the TNF binding regions. 
Consequentially, occlusion and conformational restric-
tions could be contributing to the reduced size of the 
complexes observed with IL-17A.

When both cytokines were present, larger, and more het-
erogenous complexes were observed than with each cytokine 
alone (Figure 6b, c). At the 1:1:1 ratio of antibody:TNF:IL-17A, 
a ~ 3 log-fold difference in the size of complexes was recorded 
between the monovalent TrYbe® and the DVD-Ig (Figure 6b, c, 
i). With the FynomAb, the difference was surprisingly less 
pronounced (Figure 6b. C, ii). On further analysis of                

complexes by UV–vis absorption spectroscopy (Figure 6c), 
this was attributed to a considerable loss of solubility of com-
plexes via precipitation (A340 = 1.65 ± 0.06), consistent with 
previously disclosed data presented by Schlereth.53 Indeed, 
a significant increase in turbidity was also seen for the DVD- 
IgG (A340 = 0.80 ± 0.24) with both cytokines whilst notably, 
negligible for the TrYbe® (A340 = 0.052 ± 0.008).

The other striking difference between the monovalent 
TrYbe® and the bivalent molecules was that the bivalent bis-
pecific antibody molecules had a greater potential to form 
large immune complexes at both lower and higher antibody 
to target ratios. Although mathematical modeling of all 

Figure 6a. Bispecific antibody formats targeting TNF-α and IL-17A  
The antibody formats are (a) TrYbe® A, (b) DVD-IgG, ABT-122 and (c) a FynomAb, COVA322. Binding specificities are annotated as: anti-IL-17A (blue), anti-TNF 
(magenta), anti-HSA (green).

Figure 6b. Antibody:antigen complex formation with antigens added independently or in combination  
DLS was used to measure complex volume (nm3) formed when molar ratios of the TrYbe®, DVD-IgG and FynomAb were combined with (a, i) TNF, (b, i) IL-17A or (c, i) 
both TNF and IL-17A. Plots designed as (ii) represent zoomed-in versions of the respective plots a-c to focus on the smaller complex volumes of TrYbe® and FynomAb, 
where applicable. The antibody formats are indicated as follows: TrYbe® A ( ), ABT-122, DVD-IgG ( ) and COVA322, FynomAb ( ). The complex volume (nm3) was 
calculated from the Z mean. Each data point represents the average of n = 5 DLS measurements per sample on the instrument. Figure 6b shows the range of 
complexes formed with increasing ratios of  TNF or IL17-A alone or a combination of both antigens to the antibody in vitro as measured by DLS. In all scenarios, the 
TrYbe® being a monovalent format, produces the smallest complexes compared to the bivalent DVD-IgG and FynomAb formats.
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possibilities is challenging, this is illustrated visually in supple-
mentary Figure S5. The potential clinical importance of form-
ing large complexes with a range of antibody:antigen ratios is 
easy to grasp when one considers the dynamic changes in 
antibody and antigen ratios during drug delivery. During 
a first infusion, the antibody concentration starts at zero but 
rapidly reaches a target-saturating concentration, passing 
through the 1:1 antibody:antigen ratio. Monovalency limits 
the possibility of forming large immune complexes that are 
more probable with bivalent bispecific antibodies. Overall, this 
study demonstrates that monovalency has a significant self- 
limiting effect on the size and distribution of antibody:antigen 
complexes relative to a comparable dual-targeting bivalent 
antibody format in vitro. In addition to the differences in the 
propensity and extent of antibody/antigen complex formation, 
the nature of the complexes could also vary. The bispecific and 
bivalent antibody comparators in this study both contain an 
IgG1 Fc domain, whereas the TrYbe® lacks an Fc. Therefore, 
any complexes formed with the comparators could efficiently 
engage with Fc receptors and complement, leading to immune 
cell activation. In contrast, TrYbe® antigen complexes, if any,                     

as well as being significantly smaller, cannot engage Fc recep-
tors and complement and so would limit any immune cell 
activation.

PK of TrYbes® in non-human primates

Albumin binding has been used successfully as a means to 
extend the serum half-life of antibody-like molecules in 
vivo.17,54–60 This is illustrated here with two TrYbe® mole-
cules (TrYbes® E and F; Table S1) containing the same anti- 
albumin binding region (from CA645) as a ds-scFv that had 
previously been formatted to a ds-Fv in the Fab-dsFv 
format.14 These TrYbes® were dosed to cynomolgus 
monkeys (n = 3) at 10 mg/kg via intravenous (i.v.) or sub-
cutaneous (s.c.) injections. The bispecific antibodies were 
well tolerated, with no clinical signs, no effects on body 
weight, hematology, or clinical pathology. PK parameters 
were derived from the serum concentration/time profiles 
(Table 2). Serum concentrations of the intact antibody 
were assessed by monitoring CDR signature peptide motifs 
by tryptic-digest LC-MS corresponding to each ds-scFv. No 

Figure 6c. UV-vis spectroscopic analysis of antibody:antigen complexes  
A molar 1:1 ratio of the TrYbe® (TrYbe® A), DVD-IgG (ABT-122) or the FynomAb (COVA322) complexed with TNF ( ), with IL-17A ( ) or at 1:1:1 ratio with both TNF and 
IL-17A ( ), were analyzed by UV-vis spectroscopy at 340 nm. A  sample containing the cytokine(s) with no antibody ( ) was included for each panel as a control. Data 
represents the mean ±SD of 3 replicates.

Table 2. Pharmacokinetic parameters of TrYbe® E and F in cynomolgus monkeys.

Parameter TrYbe® E TrYbe® F

Vc (mL/kg) 44.2 ± 2.9 50.4 ± 6.0

Vp (mL/kg) 17.7 ± 2.6 17.5 ± 4.9
CL (mL/day/kg) 5.5 ± 0.3 5.1 ± 0.3

Q (mL/day/kg) 25.3 ± 15.9 20.9 ± 7.5
T1/2 (day) 7.0 ± 0.9 6.9 ± 0.6
sc Cmax (μg/mL) 134 ± 23 120 ± 15

sc Tmax (day) 2–4 2–4
sc F (%) 87.5 80.5

TrYbes® E and F were dosed intravenously and subcutaneously at 10 mg/kg (n = 3) in 
cynomolgus monkeys and monitored over 28 days. The pharmacokinetic parameters 
were calculated from serum concentration/time profiles: Vc: Central volume; Vp: 
peripheral volume; CL: central clearance; Q: inter-compartmental clearance; sc Cmax: 
maximum systemic concentration following subcutaneous injection; sc Tmax: Time to 
reach maximum systemic concentration following subcutaneous injection; sc F: 
Bioavailability following subcutaneous injection.
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significant differences were observed in the concentrations 
of the peptides which were chosen to identify different 
regions of the TrYbe®, indicating that the molecule 
remained intact when administered in vivo. This is an 
important observation since we wanted to establish clearly 
that these multi-domain and linker-rich fusion proteins 
remain intact through the entire TrYbe® clearance phase. 
PK parameters were calculated based on the mean of the 
concentrations obtained from the peptides. Eleven of the 12 
animals had no evidence of ADA, and so PK was calculated 
based on the whole 28-day data. One animal lost exposure 
14 days after i.v. injection due to development of ADA (data 
not shown). Serum concentration/time profile up to day 14 
was used to determine the PK parameters for that animal. 
The formation of ADA in primates being dosed with human 
proteins is not uncommon, since these proteins are in some 
manner ‘foreign’ at the sequence level.

Following i.v. injection, concentrations followed a biphasic 
decay over time (Figure 7). The central volume of distribution 
for both molecules was at 44.2 and 50.4 mL/kg. Clearance from 
the central compartment was in line with that of an albumin 
binder at 5.55 and 5.1 mL/day/kg.17,53–62,64–66,69,70 Half-life 
was 6.94 and 6.98 days for the two TrYbe® examples featured 
here. Maximum exposure was reached 2 to 4 days after s.c. 
administration at 10 mg/kg. Bioavailability following s.c. dos-
ing, ranged from 80.5% to 87.5%. Overall, the TrYbe® antibody 
format had an in vivo half-life consistent with efficient binding 
of albumin and high bioavailability.

TrYbe® manufacturing science

TrYbes® are expressed and purified at industrial scale using 
standard processes developed for IgGs. Stable clonal Chinese 
hamster ovary (CHO) cell lines were developed using 
a standard proprietary dual-promoter plasmid, CHO clonal 
cell-line development process and typical product quality 
assessments.71 TrYbes® designated E and F (Table S1), were 
expressed at 2000 L scale fed-batch fermentations using a pro-
prietary media and feeding regime. Good expression was 
achieved for both TrYbes® after >7-day fed-batch fermenta-
tion, reaching >3 g/L titers. Following two rounds of centrifu-
gation and filtration, nominal losses of antibody were incurred 
(data not shown).

The DSP of TrYbes® used a typical 3-column process stream 
as developed for mAbs. Although TrYbes® lack the Fc region, 
protein A capture as a first DSP step was enabled in the TrYbe® 
via the protein A-binding, anti-albumin VH3 region (Figure 8). 
HMWS, which comprised the main product-related impurity, 
were removed.72 Subsequent proprietary intermediate and 
polishing steps reduced HMWS (~20%) to negligible levels 
(<3%), as well as process-related impurities (host cell protein, 
DNA, protein A ligand). TrYbes® were stable during low pH 
virus inactivation (data not shown) and after final filtration, 
concentrated for stability studies and formulation. The recov-
ery for both TrYbes® was estimated to be >70% from the initial 
protein A capture.

TrYbe® formulation for clinical development

For formulation, TrYbes® entered a screening approach iden-
tical to that used for IgG. Molecules were buffer exchanged in 
a specific range of formulations at >100 mg/mL and tested for 

Figure 7. PK of TrYbes® in cynomolgus monkey. Two treatment groups (n = 3) 
were dosed with a TrYbe® at 10 mg/kg either intravenously (i.v.) or subcuta-
neously (s.c.) and are represented as follows: TrYbe® E, i.v. ( ), TrYbe® E, s.c. ( ), 
TrYbe® F, i.v. ( ), TrYbe® F, s.c. ( ). Blood samples were collected pre-dose and at 
15 min, 6 h, 24 h, 2 d, 4 d, 7 d, 11 d, 14 d, 22 d and 28 d following administration. 
The mean serum concentration of the two TrYbe® molecules in plasma samples 
was measured at the multiple time points and detected by LC-MS for peptides 
specific to at least two of the binding arms of the TrYbe®. PK parameters were 
determined based on a 2-compartment analysis of the individual serum concen-
tration-time profiles (Phoenix 64 v8.1.0, Certara, NJ, USA). Figure 7 is a time 
course plot of the serum concentration in μg/mL measured in the blood (on 
a semi log scale on the Y-axis) up to 28 days (X-axis) of two TrYbes® dosed 
intravenously or subcutaneously in cynomolgus monkeys. Four lines representing 
the serum concentration of the TrYbes® with respect to the dosing regimen, show 
an inverse-proportional relationship with time. The serum concentration of the 
intravenous dosing starts at the midpoint between 100 and 1000 μg/mL whilst 
the subcutaneous dosing starts between 1 and 100 μg/mL concentration, other-
wise all four lines have the same slope.

Figure 8. Downstream processing of TrYbes®. The product recovery (%) of 
TrYbes® E and F following each DSP step is shown. This follows a typical 3-column 
step process with: protein-A affinity capture, followed by proprietary intermedi-
ate and polishing steps. Percentage product recovered ( ) and percentage 
product-related impurities ( ) are represented. Figure 8 shows a stacked column 
chart of the product recovery and product-related impurities following a three- 
step downstream process of two TrYbes®. Percentage product recovered is 
represented by a column which starts at 100% after the protein-A capture step, 
~90% following the intermediate steps and ~76% after the polishing step. 
Overall, an average of 70% of the drug substance is recovered. Similarly, the 
product-related impurities represented as a stack on each column show its 
gradual removal following each step: starting with 20% impurities after protein 
A-capture and decreasing to < 1.5% in the final drug substance.
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stability and viscosity in set storage conditions for a duration 
of up to 3 months. The data in Table 3 show the levels of size 
and charge variants detected by SEC and isoelectric capillary 
electrophoresis (iCE) for optimal formulations after 3 months 
under intended (5°C) and accelerated (25°C) storage condi-
tions. The data demonstrate that the level of size and charge 
variants measured for the TrYbes® were comparable to that of 
IgGs (unrelated V-regions) that have entered a typical formu-
lation stream.

TrYbe® contains two engineered (VH-VL) disulfide bonds 
and domains connected by long flexible linkers. Hence, it was 
important to study any potential for forming HMWS upon 
long-term storage. In an earlier study in this report, TrYbes® 
with ds-scFvs were shown to form low levels of HMWS at 
5 mg/mL compared to their non-disulfide versions over the 
designated storage period. It is important to assess that this 
property is retained in formulation buffers from a quality and 
drug storage perspective where TrYbes® are highly concen-
trated to >100 mg/mL. Three TrYbes® A, C and D and two 
typical IgGs were tested in their relevant unique formulation 
buffers at 5°C and 25°C and over 3 months. As measured by 
SEC and in agreement with our earlier data, the levels of 
HMWS remained low (<1.3%) and within a similar range 
across all three TrYbes® and two typical IgGs (with unrelated 
V-regions).

Viscosities in individual formulation buffers and at con-
centrations >100 mg/ml were found to be low for the 
TrYbes® tested (<8 centipoise (cP)), significantly below 
values reported for mAbs at equivalent concentrations.73– 

75 The three TrYbes® were also submitted to repeat freeze- 
thaw cycles to assess stability, as freezing can be used as 
a convenient means to store manufacturing batches of drug 
process intermediates or final drug substance. TrYbes® were 
submitted to five freeze-thaw cycles in their individual 
formulation buffers and between the temperature range of 
≤ – 60°C to +4 – 8°C. All TrYbes® were shown to be very 
stable during freeze thawing and comparable to IgGs 
(Table S3).

Discussion

Multi-specific antibodies have the potential to enhance patient 
benefit by enabling biological synergy, leading to improved 
clinical outcomes. However, several multi-specific antibody 
formats have experienced challenges in relation to their devel-
opability as therapeutics. Difficulties encountered have 

included production challenges, both in terms of expression 
and purification; formulation, including both solubility and 
stability; in vivo residence, both circulating half-life and bioa-
vailability; as well as potency and safety.14,76,77 Here, we pre-
sent the TrYbe®, a format that is easy to develop and overcomes 
many of these challenges. TrYbe® is a multi-specific, Fc-free 
antibody format with monovalent target binding along with 
favorable long PK properties. We show data for six different 
TrYbe® molecules, developed to target at least eight different 
antigens, including HSA. These TrYbes® have been shown to 
have good-binding affinities to their target, potent functional 
biology and they all have favorable drug-like properties, sui-
table for clinical manufacturing and development.

TrYbes® are modular, being constructed from a Fab and two 
ds-scFvs. The Fab provides both antigen binding and a high 
fidelity heterodimerization core, while the ds-scFvs attached 
by flexible linkers provide two independent antigen-binding 
domains which are stable and have flexible orientation. The 
disulfide stabilization of scFvs is an aspect that differentiates 
the TrYbe® from other reported Fab-scFv-based formats.22– 

25,27 VH44-VL100 (Kabat numbering) is the preferred position 
of the disulfide for scFvs of the TrYbe®. This linkage was first 
reported by Brinkmann et al.34 to mitigate both instability and 
related loss of activity of Fvs.34 Since then, this position has 
become widely used to stabilize Fvs and scFvs, and their 
fusions and established to impart similar 
advantages.17,31,34,41,78 Accordingly, disulfide stabilization 
was found to be an important feature of therapeutic TrYbe® 
molecules because it critically ensures the scFv monomeric 
properties during manufacturing and clinical formulation pro-
cesses, such as concentration and long-term storage.17

Central to use in the human therapeutic setting is a robust, 
strong affinity and stable anti-albumin binding Fv. This bind-
ing module was derived from CA645,29 an antibody that binds 
human, mouse and cynomolgus monkey serum albumin with 
closely matched (~1–7 nM) affinities. Importantly, this anti-
body bears valuable properties for efficient trans endocytic 
recycling, by stably binding to albumin at low to neutral pH 
(pH 5 to 7) and not occluding binding to FcRn or to key drug- 
binding sites. CA645 Fab has previously been shown to be 
adaptable to reformatting into a dsFv module for fusion to 
Fab to form a Fab-dsFv.17 In this report, CA645 is formatted as 
a ds-scFv fusion to Fab, without compromising affinity for 
HSA, biophysical or PK extending properties.

The TrYbe® architecture itself is an important aspect of this 
format as it allows the plasticity to incorporate V-regions from 

Table 3. Stability of highly concentrated TrYbes®.

Molecule

Size variant variation 
(% area HMWS, SEC)

Charge variant variation 
(% area main species, iCE)

2–8°C 25°C 2–8°C 25°C

TrYbe® A +0.2% +0.4% +0.2% −4.2%
TrYbe® C +0.3% +1.3% −1.6% −3.4%
TrYbe® D +0.3% +1.2% −5.2% −9.6%
IgG #1 +0.3% +0.9% +0.3% −1.0%
IgG #2 +0.9% +2.3% −0.5% −6.9%

SEC and iCE analysis of TrYbes® and IgGs concentrated at >100 mg/mL in proprietary formulation buffers. 
IgG #1 and IgG #2 bear unrelated V-regions to the represented TrYbes®.

10 E. DAVÉ ET AL.



multiple sources, as well as organizational flexibility for bind-
ing regions to be switched between Fab and ds-scFv positions. 
This can be helpful if ds-scFvs have poor chemical and/or 
physical properties which can be improved by conversion to 
Fab, or in situations where V-regions discovered as scFvs do 
not retain full affinity when converted to Fab or vice versa. For 
example, it has been observed that scFv display library-derived 
V-regions may not ‘convert’ effectively into Fab domains of 
IgG and conversely, Fab/IgG-derived V-regions may fail to 
convert into stable scFvs.32,79–81 The TrYbe® offers both Fab 
and ds-scFv format options and we have been successful in 
accommodating all binding regions into the final TrYbe® scaf-
fold by carefully considering their positional arrangement in 
the format. This ensures that the most optimal design of each 
therapeutic TrYbe® is achieved whilst retaining key properties 
of each binding moiety.

The TrYbe® is structurally flexible according to SAXS data 
and is modeled to occupy multiple conformational states, 
allowing conformational flexibility between the different bind-
ing domains. One surprising and unexpected observation from 
SAXS analysis is the potential for one preferred pose to present 
all three idiotypes in outwardly facing orientations. The pep-
tide linkers may impart a degree of inherent flexibility to the 
molecule and contribute to the ds-scFvs’ ability to extend, 
rotate, and reach two distally separated targets. Hence, the 
TrYbe® is well cond to be able to bind albumin and two other 
targets, be they soluble/serum or cell surface located.

To be suitable for the treatment of chronic conditions, 
extended in vivo half-life is critically provided by the inclusion 
the CA645 serum albumin-binding region with durable PK 
previously demonstrated in mice and NHP.17 The extended 
PK of TrYbes® was confirmed here in NHPs. Allometric scal-
ing predicts TrYbes® to have an in vivo serum half-life of 15– 
18 days in humans.

The TrYbe® format was specifically conceived to facilitate 
monovalent target binding in an Fc-free molecule. The value of 
this was highlighted when targeting multivalent antigens such 
as TNF and IL-17A. TrYbes® formed vastly smaller antibody- 
antigen complexes in vitro compared to comparator bivalent, 
bispecific IgG-based formats. The formation of small immune 
complexes is a natural consequence of antibody-antigen 
engagement in clinical settings. However, potentially serious 
issues such as immunogenicity or immune complex disorders 
have been reported, the former due to clearance via antigen 
presenting cells and the latter arising from unsuccessful clear-
ance of immune complexes from circulation and their subse-
quent deposition in tissues and organs.11,82,83 These disorders 
can be aggravated by Fc-containing complexes and aberrant 
activation of Fc effector functionalities including complement 
activation. Our studies support previous reports,10,11 which 
conclude that both antigen and antibody valency, and the 
ratio of antigen to antibody are important factors that con-
tribute to the formation of these complexes in vitro. This was 
shown to be further complicated when considered in the con-
text of bispecific targeting and underlies the importance to 
carefully consider not only the mode of action of the antibody 
but also properties of the targeted antigens along with the 
design of the therapeutic molecule. By being monovalent and 

Fc-free, the TrYbe® is favorably placed in this context to mini-
mize potential risks.

TrYbes® have been successfully manufactured and purified 
at a clinically relevant scale (2000 L). Due to the architecture 
consisting of a Fab scaffold, these molecules are simple to 
express, resulting in crude product yields of >3 g/L from clonal 
stable CHO cell lines in fed-batch cultures. The disulfide 
linkage of scFvs is an essential feature of TrYbes®, limiting 
the concentration and time-dependent multimerization of 
the antibody as discussed previously.17,35 This is an important 
consideration for manufacturing and long-term stability of the 
drug formulation where a highly concentrated product is 
clinically desirable. Disulfide stabilization of scFvs in immu-
notoxin fusions has also been reported to impart additional 
properties such as reduced aggregation, thereby increasing 
titers when renatured from inclusion bodies expressed in 
Escherichia coli.20 Despite soluble titers of immunotoxins com-
prising ds-Fvs or ds-scFvs being significantly lower than the 
reported TrYbe® titers, sufficient quantities of the immunotox-
ins with favorable biophysical and functional profiles have 
been manufactured at GLP scale for clinical trials in cancer 
therapy.20,38,84–86

TrYbes® were evaluated in a formulation screening platform 
to ensure long-term stability when formulated at high concen-
trations. TrYbe® solubility enabled high concentrations 
(>100 mg/mL) to be reached whilst retaining low viscosity, 
important factors for i.v. and s.c. dosing regimens. Indeed, 
viscosity is important as it has major implications on the 
suitability for facile s.c. self-administration with ≤2 mL drug 
volume. S.c. injections might be delivered by various types of 
auto-injectors or manually by patients who might have limited 
grip strength or dexterity.87 For patients with normal dexterity, 
the limit of viscosity for s.c. administration is estimated up to 
50 cP, and hence the TrYbes® are compatible with high con-
centration s.c. administration.88 Overall, TrYbes® have typi-
cally shown favorable storage stability properties.

TrYbe® multimerization may be observed during expression 
but HMWS were scrupulously removed during downstream 
processing. Nevertheless, it is desirable from a process effi-
ciency standpoint for these to be minimized by careful selec-
tion of V-regions for ds-scFv reformatting based on their 
specific properties. The first capture step uses protein 
A binding, and this is facilitated in part by the use of an 
albumin-specific binder that binds well to protein A.72 

Protein A binding is typically absent from many Fab and 
scFv domains. Whilst Protein G binds the majority of Fabs, 
its lower binding capacity and other properties make it unsui-
table for large-scale manufacturing unlike protein A.

In summary, we present data supporting that the TrYbe® 
very effectively fills a key niche in the bispecific antibody 
format landscape, as some clinical applications and targets 
benefit from monovalent, bispecific target binding in an Fc- 
free format with extended serum half-life. The excellent fit 
with standard production/purification processes, high 
in vitro concentration, low viscosity, and long-term stability 
in liquid formulation highlights the very real potential of the 
TrYbe® as a therapeutic class for a broad range of clinical 
applications.
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Materials and methods

Reagents and materials

All isotype antibody controls and human and cynomolgus 
TNF and IL-17A were produced in-house unless otherwise 
stated. All media and chemical reagents were purchased from 
Thermo Fisher Scientific or Merck unless otherwise indicated.

Antibody discovery

Antibodies against the human TNF and IL-17A were raised in 
Female Sprague Dawley rats using immunization and screen-
ing processes similar to those described previously.89–91 

Generation of anti-albumin, anti-CD79a/b, and CD22 antibo-
dies has been described previously.29,51 All screening platforms 
used screening strategies to identify cross-reactive antibodies 
against cynomolgus monkey antigens.

Humanization

The lead non-human species anti-TNF, anti-IL-17A, anti- 
CD79a/b, and anti-CD22 binding V-region sequences were 
humanized by grafting the CDRs (donor) onto the closest 
matched human germline frameworks (acceptor) using in- 
house proprietary software. Genes encoding the initial 
V-region sequences were designed and constructed by 
a standard chemical synthesis approach and cloned as Fab 
cKappa light and gamma-1 Fab heavy chains into in-house 
mammalian expression vectors. Donor mutations were intro-
duced into the Fab light and heavy chains by oligonucleotide 
directed mutagenesis prior to transient expression. The final 
grafts of each V-region were identified following subsequent 
affinity/activity screening of expression supernatants.

Multi-specific antibody gene construction and synthesis

Construction of mammalian expression plasmids for 
transient expression
The light-chain and heavy-chain genes of the TrYbes® were 
first compiled in silico and designed with each domain being 
flanked by either unique cloning restriction sites or enabled for 
golden gate cloning using BsaI.92 Briefly, the humanized Fab 
V-region, the human constant region-G4S fusion (kappa, 
gamma 1) and G4S-humanized ds-scFv constructs correspond-
ing to the light and heavy chains were designed and chemically 
synthesized. The scFvs were designed in the VH-VL orientation 
with a DSB introduced at positions VH44 and VL100, respec-
tively. The relevant DNA fragments corresponding to each 
chain were subsequently subcloned to form the respective, full- 
length light- and heavy-chain genes and simultaneously cloned 
into the proprietary mammalian hCMV expression vectors for 
transient expression. Prior to golden gate cloning, this vector 
was enabled for TypeIIS cloning using BsaI.

For IgGs and the bispecific formats, humanized V-regions 
were designed in silico for cloning using golden gate cloning 
with BsaI. The protein sequences corresponding to ABT-122 
(DVD-IgG) and COVA322 (FynomAb) were obtained from 
their respective patent sources.93,94 For the DVD-IgG light and 
heavy chain and the FynomAb heavy chain, DNA fragments 

corresponding to V-regions were chemically synthesized and 
subcloned by golden gate cloning into the respective proprie-
tary hCMV mammalian expression vectors comprising 
a human cKappa light chain or a human IgG1 backbone 
(Atum, Inc). The FynomAb light chain was chemically synthe-
sized as a full-length gene and cloned into the proprietary 
hCMV mammalian expression vector (Atum, Inc).

Light- and heavy-chain plasmids were transformed into 
TOP10 competent cells (Thermo Fisher Scientific), and trans-
formants were subsequently used to inoculate selective 2 x TY 
broth for plasmid DNA preparation. Following growth at 18– 
22 h at 37°C, plasmid DNA was extracted from harvested cell 
pellets using QIAGEN plasmid plus extraction kits according 
to the manufacturer’s recommendations. The resulting plas-
mid DNA was Sanger sequenced (Macrogen, Inc) for DNA 
sequence confirmation prior to use.

Protein expression

Transient expression
Equal ratios of both light- and heavy-chain plasmids were 
transfected into a proprietary CHO-SXE cell line95 using the 
commercial ExpiCHO expifectamine transient expression kit. 
The cultures were incubated in roller bottles with vented caps 
(Corning) or Erlenmeyer flasks (Corning) at 37°C, 8.0% CO2, 
190 rpm. After 18–22 h, the cultures were fed with the appro-
priate volumes of CHO enhancer and feeds for the HiTiter 
method as provided by the manufacturer. Cultures were rein-
cubated at 32°C, 8.0% CO2, 190 rpm for an additional 9 to 
11 days. The supernatants were harvested by centrifugation at 
4000 rpm for 1 h at room temperature (RT) prior to filter- 
sterilization through a 0.45 µm followed by a 0.2 µm filter 
(Pall). Expression titers were quantified by Protein G HPLC 
using a 1 ml HiTrap Protein G column (Cytiva) and Fab 
standards produced in-house.

Antibody purification

Antibodies from culture supernatants were purified by Protein 
A affinity chromatography as described previously.17 Briefly, 
supernatants were loaded on a MabSelect™ column (Cytiva) 
and then washed with 200 mM Glycine pH 7.0. The bound 
material was eluted with 0.1 M Sodium Citrate pH 3.1 and 
neutralized with 2 M Tris-HCl pH 8.5. Samples were applied to 
a Superdex 200 column (Cytiva) equilibrated with PBS, pH 7.4 
and developed with an isocratic gradient. The elution was 
fractionated to allow isolation of monomer from HMWS. 
Monomeric fractions were pooled, concentrated and 0.22 μm 
sterile filtered. Concentration was quantified by absorbance 
reading at 280 nm and endotoxin levels were measured using 
Endosafe® cartridges (Charles River). Monomer status of the 
final sample was determined by analytical SEC on a BEH200, 
200 Å, 1.7 µm, 4.6 mm ID x 300 mm column (Aquity) and 
developed with an isocratic gradient of 0.2 M phosphate pH 
7.0 at 0.35 mL/min, with detection by absorbance at 280 nm 
and a multi-channel fluorescence (FLR) detector (Waters). For 
samples with endotoxin >1 EU/mg, endotoxin was removed 
using Pierce™ high-capacity endotoxin removal spin columns 
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(Thermo Fisher) according to the manufacturer’s 
recommendations.

SAXS data collection and analysis

SAXS data were collected on the B21 beamline at Diamond 
Light Source (Didcot, UK) at a wavelength of 0.9524 Å using 
an Eiger detector 3.7 m from sample-to-detector, resulting in 
a beam size of 0.8 × 2 mm at the sample. Data were collected 
with an on-line SEC column (Shodex KW403, Shanghai, 
China) equilibrated in 20 mM sodium phosphate, pH 7.4, 
150 mM sodium chloride. A sample (35 μL) at a concentra-
tion of ~5 mg/mL was run at a flow rate of 0.16 mL/min and 
3s X-ray exposures were collected continuously during 
a 30 min elution, resulting in 619 frames. Images were cor-
rected, normalized, and processed into 1D curves using GDA 
and DAWN at the source (Diamond Light Source, Didcot, 
UK). SEC-SAXS frames recorded prior to the protein elution 
peak were selected as buffer and subtracted from all other 
frames in the program PRIMUS,96 resulting in multiple I(q) 
vs q scattering profiles, where q = 4πsinθ/λ, 2θ is the scatter-
ing angle and λ = 1.24 Å. The radius of gyration (Rg) was 
determined based on the Guinier approximation,97 where 
I(q) = I(0) exp(-q2Rg

2/3) with a limit of qRg <1.3. The max-
imal dimension (Dmax) was determined from the indirect 
Fourier transform from the pair distribution (Pr) function 
computed by GNOM.98 The concentration independent 
molecular weight estimate is based on the volume of correla-
tion (Vc) method99 and calculated in SCÅTTER. SAXS para-
meters are listed in Table S2.

Solution structure modeling

Crystal structures of ligand-bound Fab complexes were sepa-
rated into Fab only or scFv structures and used to construct 
a TrYbe® homology model in Molecular Operating 
Environment (MOE) software. Briefly, the Fab was split into 
heavy and light chains, and each chain connected to a ds-scFv 
by a modeled S(G4S)2 linker. One further G4S (x4) linker was 
added between the VH and VL of each ds-scFv and missing 
residues/loops from the crystal structures were added using 
Protein Builder in MOE. All added parts were energy mini-
mized and ‘starting conformations’ manually deduced for sub-
sequent modeling.

Theoretical SAXS curves for the model(s) were calculated 
using CRYSOL100 using default parameters and χ2 as an assess-
ment of agreement between the model and experimental data. 
Rigid body refinement of the model by SREFLEX101 improved 
the fits and reduced χ2 to 2.0. Multi-state modeling was per-
formed in Multi-FoXS102 selecting the G4S linker residues as 
flexible and constraint of 5 Å between the Fab hinge cysteines 
to mimic the disulfide bond. Experimental SAXS data and 
derived models were deposited to the Small Angle Scattering 
Biological Data Bank (accession number # SASDM45).103

Time course analysis of TrYbes® for HMWS

Purified TrYbe® monomer was prepared at 5 mg/mL in PBS 
pH 7.4 and analyzed by SEC-UPLC (1 µL injection). The 

sample was stored at +4°C and analyzed by SEC-UPLC 
on day 0, 8, 15, 22 and 29. The antibody was loaded on to 
a BEH200, 200 Å, 1.7 µm, 4.6 mm ID x 300 mm column 
(Waters ACQUITY) and developed with an isocratic gradient 
of 0.2 M phosphate pH 7.0 at 0.35 mL/min. Continuous 
detection was by absorbance at 280 nm and multi-channel 
fluorescence (FLR) detector (Waters). HMWS were recorded 
and reported relative to this time course.

Biacore

Surface plasmon resonance kinetics and affinities
The assay was performed using a Biacore T200 (Cytiva). 
Affinipure F(ab’)2 Fragment goat anti-human IgG, F(ab’)2 
fragment specific (Jackson ImmunoResearch, cat. no. 109– 
006-008) was immobilized on a CM5 Sensor Chip via amine 
coupling chemistry to a capture level of ≈5000 response units 
(RUs). HBS-EP buffer (10 mM HEPES pH 7.4, 0.15 M NaCl, 
3 mM EDTA, 0.05% Surfactant P20 (Cytiva)) was used as the 
running buffer with a flow rate of 10 μL/min. A 10 μL injection 
of TrYbe® A at 0.5 μg/mL was used for capture by the immo-
bilized anti-human IgG-F(ab’)2. Human TNF (hTNF), cyno-
molgus monkey TNF (cTNF), human IL-17A (hIL-17A), HSA 
(ChromPure, Jackson ImmunoResearch, cat. no. 009–000- 
051) or cynomolgus monkey serum albumin (Abcam, cat. no. 
ab267858) was titrated over the captured TrYbe® at various 
concentrations ranging from 5 nM to 0.15625 nM, 10 nM to 
0.3125 nM and 100 nM to 3.125 nM, respectively) at a flow rate 
of 30 μL/min. The surface was regenerated by 2 × 10 μL injec-
tion of 50 mM HCl, interspersed by a 5 μL injection of 5 mM 
NaOH at a flowrate of 10 μL/min. Background subtraction- 
binding curves were analyzed using T200 evaluation software 
(version 1.0) following standard procedures. Kinetic para-
meters were determined from the fitting algorithm.

Simultaneous binding of human (h) TNF, hIL-17A, and HSA 
to TrYbe® A
Affinipure F(ab’)2 Fragment goat anti-human IgG, F(ab’)2 
fragment specific (Jackson ImmunoResearch; cat. no. 109– 
006-008) was immobilized on a CM5 Sensor Chip via amine 
coupling chemistry to a capture level of ≈5000 response units 
(RUs). HBS-EP buffer (10 mM HEPES pH 7.4, 0.15 M NaCl, 
3 mM EDTA, 0.05% Surfactant P20 (Cytiva)) was used as the 
running buffer with a flow rate of 10 μL/min. A 10 μL injection 
of TrYbe® A at 0.5 μg/mL was used for capture by the immo-
bilized anti-human IgG-F(ab’)2. The binding responses (RU) 
to independent injection of the analytes was first measured; 
100 nM HSA (ChromPure, Jackson ImmunoResearch, cat. 
no. 009–000-051), 20 nM hIL-17A, 20 nM hTNF. A mixed 
solution of the analytes with final concentration of 100 nM 
HSA, 20 nM hIL-17A, 20 nM hTNF were then titrated over the 
captured TrYbe®. Binding responses (RU) were measured.

TNF induced apoptosis assay on L929 murine fibroblasts

L929 murine fibroblast cells (CRL-6364; ATCC) were plated at 
333,000 cells per well in media (RPMI + 10% FCS + 2 mM 
L-glutamine) and allowed to adhere for 20 h ± 2 h at 37°C, 5% 
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CO2. Cells were treated with 2 pM hTNF (Sino Biological, cat. 
no. 10602-HNAE) or 0.4 pM cTNF (Sino Biological, cat. 
no. 90018-CNAE) diluted in actinomycin D (Merck) at final 
concentration of 2 µg/ml to induce cell death. TrYbe® A was 
serially diluted 4-fold in media and incubated for 1 h at 37°C 
before being added to the TNF-treated cells at a 1:1 ratio (v/v). 
The cells were incubated for 22 h ± 2 h at 37°C, 5% CO2. Cell 
viability was determined using CellTiter-Glo (Promega) 
according to the manufacturer’s instructions and percentage 
survival calculated against maximum survival (actinomycin D, 
no TNF) and minimum survival (actinomycin D + TNF) con-
trol values and plotted using a 4-parameter logistical fit. The 
EC50 was calculated based on the inflexion point of the curve 
using GraphPad Prism software.

IL-17A -induced CXCL1 inhibition assay

Normal human dermal fibroblasts (NHDF) (ATCC HTB-38, 
ATCC) were cultured in a T-75 flask containing complete 
DMEM media (DMEM with 10% (v/v) FCS (PAA), 50 U/mL 
Penicillin (P), 50 μg/mL Streptomycin (S) and 2 mM 
L-glutamine) and incubated in a static incubator at 5% CO2, 
37°C for 3 days until cells were 80% confluent and re-passaged. 
Cells used in these experiments were harvested from flasks at 
passage 3, 5 and 6. The cells were detached with pre-warmed 
(37°C) trypsin-EDTA neutralized with complete DMEM media 
prior to centrifugation for 5 min at 500 g to pellet the cells. Cells 
were transferred to a fresh flask containing complete DMEM at 
a concentration of 5000 cells per 100 µL volume.

Prepared cells were seeded in 96-well flat-bottomed culture 
plates in 100 µl volumes and statically incubated in a 5% CO2 
incubator at 37°C and allowed to adhere at 37°C overnight. 
The cells were stimulated by human and cynomolgus monkey 
cytokines added at 10 ng/ml IL-17A with 10 ng/ml human 
TWEAK (CD255; BioLegend, cat. no. 566404) with increasing 
concentrations of TrYbe® A, the proprietary IL-17A binding 
IgG or the DMEM media control. The ligand/antibody mix-
tures were incubated at RT for 1 h.

The seeded fibroblasts were centrifuged, and the media 
removed before 100 µL aliquots of the ligand/antibody mixtures 
were added. All treatments were run in duplicate. Cells were 
statically cultured at 37°C for 48 h in a 5% CO2 incubator. 
Plates were centrifuged at 500 g for 5 min, the cell-free super-
natant was carefully transferred to a new plate and assayed for 
CXCL1 levels by MSD using CXCL1 DuoSet (R&D systems) and 
MSD reagents (MSD) as recommended by the manufacturer. 
Briefly, blank MSD Multi-Array plates were coated with 
CXCL1 DuoSet capture antibody prior to blocking with 
a blocking buffer (BSA/PBS-based). Cell-free supernatants were 
diluted in complete DMEM media at 1:2 and added to each well. 
The CXCL1 DuoSet standard was serially diluted in complete 
DMEM media to give an 11-point standard range from 4 ng/ml 
to 4 pg/ml. Standards were plated in duplicate on each plate. The 
reveal antibody (CXCL1 DuoSet detection antibody) was subse-
quently added prior to the SULFO-TAG-labeled streptavidin. 
The MSD read buffer was added to each well prior to being 
read by an MSD Sector Imager 6000 with MSD Discovery 
Workbench 2006 version MSD_3_0_17_3 (MSD). Standard 

curves were generated by MSD Discovery Workbench software 
using sigmoidal 4PL regression analysis to calculate unknown 
values. All dilution factors were considered as part of the inte-
grated analysis. IC50s were calculated by sigmoidal 4PL regression 
analysis on transformed data using GraphPad Prism software.

Neutrophil migration assay

Preparation of human RA synoviocytes
Human RA synoviocytes (Cell Applications, Inc.) were grown 
in 75 cm2 flasks and cultured statically in complete DMEM 
medium (DMEM media with 10% fetal bovine serum (FBS) 
and 1% L-glutamine) to 80% confluency at 37°C, 5% CO2. The 
synoviocytes were subsequently washed twice in PBS, pH 7.4 
to remove residual media and then 20 mL of pre-warmed 
(37°C) Accutase buffer (Stempro) was used to detach cells 
from the base of the flask. Once all the cells had detached, 
20 mL of complete DMEM medium was added prior to cen-
trifugation at 400 g for 10 min. The supernatant was carefully 
decanted, and the cells were resuspended in complete DMEM 
medium at a cell density of 2 × 104 cells/mL.

Isolation of Th17 stimulated supernatants
Human peripheral blood mononuclear cells (PBMCs) were 
isolated from whole blood from healthy donors using 
Leucosep tubes (Greiner) according to the manufacturer’s 
recommendations. PBMCs were then sorted by flow cytometry 
(BD FACSaria, BD Biosciences) to isolate Th17 cells 
(CD4+CD45RO+CCR6+CXCR3−) with a panel of fluorophore- 
labeled antibodies (BioLegend): anti-CD45RO FITC (cat. 
no. 304242), anti-CD4 Percp cy5.5 (cat. no. 980810), anti- 
CCR6 PE (cat. no. 353410), and anti-CXCR3 APC (cat. 
no. 353708). Sorted Th17 cells were resuspended in complete 
RPMI medium (RPMI media with 10% FBS and 1% 
L-glutamine) and seeded at 2 × 105 cells per well in round- 
bottomed 96-well plates, coated with anti-CD3 (1 μg/mL; 
OKT3; BioLegend, cat. no. 317302) containing soluble anti- 
CD28 (1 μg/mL; Biolegend, cat. no. 302902). Cells were incu-
bated at 37°C, 5% CO2 for 5 days to stimulate cytokine 
production. Supernatants were harvested and stored at −20°C 
until required.

Seeding of stimulated human RA synoviocytes into 
transwell plates
The prepared human RA synoviocytes cell suspension (1 x 104 

cells) was carefully dispensed into the lower chamber of 24- 
well transwell plates (Corning) and incubated for 24 h at 37°C, 
5% CO2. The supernatant derived from stimulated Th17 cells 
was pre-incubated with 10 μg/mL of the following antibodies 
and incubated at RT for 1 h: the isotype control IgG, the 
proprietary anti-IL-17A binding antibody alone, the anti- 
TNF (etanercept) alone, a mixture of the anti-IL-17A and 
Etanercept antibodies or TrYbe® A. The stimulated synovio-
cytes were then incubated for an additional 24 h at 37°C, 5% 
CO2 and supernatant was harvested and used in a neutrophil 
migration assay.
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Neutrophil migration transwell assay
Human leucocytes were isolated from human whole blood by 
mixing 40 mL of ACK lysis buffer with 10 mL of human blood 
for 10 min at RT to efficiently lyse the red blood cells. The 
leucocytes were then harvested by centrifugation at 400 g for 
10 min and the lysed red cells were removed by decanting. The 
cells were washed twice in 20 mL PBS, pH 7.4 and resuspended 
in RPMI medium at a cell density of ~106 cells/mL. Leucocytes 
(5 x 105 cells) were then added to the upper chamber of the 
transwell. In the lower chamber of the transwell, supernatants 
from Th17 stimulated synoviocytes were diluted 1:10 in RPMI 
to a total volume of 1 mL then incubated for 6 h at 37°C, 5% 
CO2. The leucocytes that migrated through the 3.0 μM perme-
able membrane into the lower chamber were isolated by effi-
ciently pipetting cells up and down. All samples were then 
labeled with anti-human CD18 FITC antibody (Ebioscience, 
cat. no. BMS103FI) for 30 min to identify neutrophils. The 
antibody-stained samples were then washed once in PBS, pH 
7.4 prior to fluorescence-activated cell sorting (FACS) acquisi-
tion (BD LSRII Fortessa X20; BD Biosciences). All samples 
were resuspended in 200 μL of PBS, pH 7.4 spiked with Sigma 
reference beads. Statistical analysis was performed with a One- 
way Anova with either a Dunnet posttest using the negative 
control as the comparator; **** p < .0001, *** P < .001 or Sidak 
posttest for direct group comparisons using GraphPad 
prism v6.

Intracellular analysis of B cell signaling by flow cytometry

Methods used were as described previously in Bhatta et al.51

Dynamic light scattering analysis

Molar ratios of antibody:antigen mixtures with the antigens 
added independently were prepared in sterile PBS, pH 7.4 
(Merck). For mixtures with combined antigens, concentra-
tions corresponding to equal molar ratios of each antigen 
were used. Samples were carefully transferred into 
a transparent 96-well plate (Greiner Bio One) whilst ensuring 
no air bubbles were present in the samples.

The Zetasizer APS DLS automated plate sampler (Malvern 
Panalytical Ltd) was first calibrated with spherical 40 nm poly-
styrene latex beads (Thermo Scientific) at 1:100 dilution in 
10 mM NaCl before the sample plate was loaded. To ensure 
accurate and consistent measurement of the protein com-
plexes, at least five successive DLS measurements were per-
formed per sample on the instrument. All measurements were 
performed at 20°C. The Zetasizer APS software (v.7.10) was 
used to calculate the hydrodynamic diameter (Z-average) of 
the complexes from the average of these measurements. This 
assumes that all formed complexes are spherical or near sphe-
rical in shape. The formula V ¼ 4

3 π d=2ð Þ
3 was used to calcu-

late the volume of the complex (V) where d is the 
hydrodynamic diameter.

UV-Vis spectroscopy

Sample mixtures comprising antibody and antigens at molar 
ratio of 1:1 with antigens added independently or 1:1:1 with 

combined antigens were prepared in sterile PBS, pH 7.4 
(Merck). The absorbance measurements of each sample at 
340 and 595 nm wavelength were measured using the UV- 
Vis Cary 50 spectrophotometer (Agilent Technologies Inc.) in 
triplicate.

Cynomolgus monkey PK

The PK of two TrYbe® molecules was investigated in cynomol-
gus monkeys. One study was performed in male animals at 
Covance Harrogate, UK. The second was performed in female 
monkeys at Covance Munster, Germany. Both studies were 
conducted in compliance with the local animal welfare regula-
tions following a local ethical review of the study protocol. In 
each case, two groups of monkeys received either an i.v. or s.c. 
administration of TrYbe® at 10 mg/kg (n = 3). Blood samples 
were collected pre-dose and at 15 min, 6 h, 24 h, 2d, 4d, 7d, 11d, 
14d, 22d and 28d following administration. Serum samples were 
analyzed by LC-MS for peptides specific to at least two of the 
binding arms of the TrYbe®. Since no significant statistical 
difference was observed between the concentrations reported 
for each peptide, the mean concentration of the peptides was 
used for PK analysis. PK parameters were determined based on 
a 2-compartment analysis of the individual serum concentra-
tion-time profiles (Phoenix 64 v8.1.0, Certara, NJ, USA).

Analysis of serum concentrations of in vivo administered 
antibody by immune capture LC/MS

TrYbe® molecules were measured using immunocapture via 
the human Fab of the molecule. The samples were mixed with 
magnetic beads previously incubated with biotinylated capture 
reagent (anti-human Fab). The beads were washed on an 
automated device (Kingfisher, Thermo Fisher Scientific, 
USA), mixed with the internal standard, and isotopically 
labeled signature peptides. Samples were then denatured and 
enzymatically digested using trypsin. After digestion, samples 
were analyzed by reverse phase LC (Nexara, Shimadzu, Japan) 
and detected by electrospray mass spectrometry (API6500, 
Sciex, USA) using Multiple Reaction Monitoring (MRM) in 
positive ionization mode. The quantification of total TrYbe® 
molecules in monkey serum was conducted via two signature 
peptides corresponding to motifs attributed to the different 
arms of the molecule. This method was characterized in accor-
dance with UCB internal research guidelines.

Stable cell line generation and expression

Plasmids for stable CHO cell line generation, stable cell-line 
development and expression were developed using 
a proprietary stable cell generation and expression system as 
previously described,71 and then subsequently cloned via 
a proprietary FACS-based cloning method.

GMP manufacturing

TrYbes® and representative IgGs were manufactured by fed- 
batch fermentation using a proprietary expression system at 
the UCB BioPilot plant based in Braine-l’Alleud, Belgium.
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Formulation studies

TrYbes® were formulated at concentrations >100 mg/mL in 
proprietary buffer formulations prior to analysis.

HMWS analysis
Specific SEC methods were used to resolve and quantitate 
product-related species. For TrYbe® A, an Acquity BEH200 
1.7 µm (4.6x300 mm) column with 0.2 M phosphate pH 7.0 
running buffer at a flow rate of 0.3 mL/min, was used. 
Detection and quantitation were performed by fluorescence 
(FLR) at 280 nm excitation and 340 nm emission wavelengths. 
For TrYbe® E and F, a Waters Acquity BEH200 1.7 μm 
(4.6x300 mm) column was used with 100 mM phosphate 
buffer pH 7.0, 100 mM NaCl running buffer at a flow rate of 
0.3 mL/min. Detection and quantitation were performed by 
FLR with excitation at 280 nm and emission at 340 nm. For 
TrYbe® E and the IgG control, a Waters Acquity BEH200 
1.7 μm (4.6x300 mm) column was used with 25 mM phosphate 
pH 7.0, 200 mM NaCl running buffer at a flow rate of 0.4 mL/ 
min. Species were detected by UV absorbance at 280 nm.

Charge variant analysis
Charge variants were analyzed by specific iCE3 (Protein 
Simple) methods. TrYbes® were diluted to 0.3 mg/mL 
(0.4 mg/mL for IgG) in a solution containing 0.35% methyl-
cellulose, pharmalyte mixtures from pH 3 to pH 10.5, urea 
(2 M for IgG and TrYbe® E, no urea for TrYbes® A and F), and 
the pI markers varying from pH 4.65 to pH 10.1. Samples were 
analyzed with a first focusing period for 1 min at 1500 V and 
a second focusing period for 7 min (6 min for IgG, 8 min for 
TrYbes®) at 3000 V.

Viscosity analysis
Viscosities of TrYbes® concentrated to >100 mg/mL were 
measured using a Discovery rheometer (TA instruments) 
according to the manufacturers’ instructions. A cone/plate 
configuration of 20 mm, 2 degrees conical geometry and 3– 
300 s−1 shear rate was used for all samples.

Abbreviations

Three dimensional (3D), acute lymphoblastic leukemia (ALL), bi- 
specific T-cell engagers (BiTEs), centipoise (cP), chemokine 
(C-X-C motif) ligand 1 (CXCL1), Chinese hamster ovary (CHO), cluster 
of differentiation (CD), complementarity-determining region (CDR), 
disulfide stabilized fragment variable (dsFv), disulfide-stabilized single- 
chain fragment variable (ds-scFv), disulfide bonds (DSBs), dual-affinity 
re-targeting antibody (DART), Dulbecco’s modified eagle medium 
(DMEM), dynamic light scattering (DLS), fetal calf serum (FCS), frag-
ment antigen binding (Fab), fragment crystallizable (Fc), GCN4 amino 
acid starvation-responsive transcription factor (GCN4), Glycine4-serine 
(G4S), high molecular weight species (HMWS), human cytomegalovirus 
(hCMV), immunoglobulin G (IgG), immune complex(es) (IC(s)), inter-
leukin 17 (IL-17), intravenous (i.v.), isoelectric capillary electrophoresis 
(iCE), liquid chromatography (LC), liquid chromatography–mass spec-
trometry (LC-MS), monoclonal antibodies (mAbs), meso scale discovery 
(MSD), pharmacokinetics (PK), phosphate-buffered saline (PBS), p38 
mitogen-activated protein kinase (p38), serine (glycine4-serine)2 (S(G4 
S)2), single-chain fragment variable (scFv), size-exclusion chromatogra-
phy (SEC), small-angle X-ray scattering (SAXS), subcutaneous (s.c.), 
tandem diabody (TandAb), T helper 17 (Th17), tyrosine-protein kinase 

Met (c-Met), tumor necrosis factor (TNF), TNF-related weak inducer of 
apoptosis (TWEAK), ultraviolet–visible (UV-vis), variable light (VL), 
variable heavy (VH), variable region (V-region).
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