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Figure 1 Production and biophysical characterization of an exenatide-XTEN (E-XTEN) fusion protein. (a) Production of an prototypical protein drug

fused to XTEN. A gene encoding the drug is fused to a gene encoding the XTEN sequence and placed under the regulation of an expression promoter

to produce the full-length drug-XTEN fusion protein in a host cell. (b—e) Biophysical characterization of E-XTEN expressed in and purified from E. coli.
The purified protein was assayed by SDS-PAGE (b), circular dichroism (c), mass spectrometry (d) and size exclusion chromatography combined with
multi-angle light scattering (e). (b) Nonreducing SDS-PAGE of purified E-XTEN. Lane 1, protein standard; selected molecular weights are shown at the

left for reference. Lane 2: 5 pg E-XTEN. (c) Single circular dichroism spectrum obtained at 25 °C. (d) M*, M2+ and M3+ refer to the singly, doubly and triply
charged ionic species of E-XTEN, respectively. (e) E-XTEN and protein standards were each run independently in successive experiments. The results are
overlaid for ease of comparison. Expected molecular weights for each of the protein standards: BSA, 66 kDa; aldolase, 155 kDa; apoferritin, 475 kDa.

and is dosed twice daily for treating type 2 diabetes. As variants of
exenatide with extended plasma residence times have shown improved
efficacy with reduced dosing frequency (up to once weekly) in clinical
trials'>, we expected that fusing XTEN to exenatide would yield a drug
with improved pharmacokinetic and pharmacodynamic properties.
Further, the small size and lack of secondary and tertiary structure
of exenatide make it an ideal payload to study the biophysical prop-
erties of XTEN in the absence of confounding factors from a more
complex payload.

We fused the 864 amino acid XTEN sequence to the 3’end of a
synthetic gene encoding exenatide, which was in turn fused at its
5" end to a gene encoding a Clostridium thermocellum cellulose
binding domain (CBD) separated by a tobacco etch virus (TEV)
protease site. The TEV site was designed such that processing
removes the CBD and TEV sequences, yielding the histidine of
exenatide at the first amino acid position of the final protein. This
is required for exenatide function. The CBD-exenatide-XTEN fusion
protein was expressed at a high level (>8 mg/g wet cell weight) in
E. coli cytoplasm, with no detectable production of inclusion bodies.
The fusion protein was extremely heat stable: homogenized cell
lysate heated to 75 °C for 10 min yielded 80% pure protein after
clarification, with no detectable loss of product. Adding TEV protease
to the clarified lysate removed >90% of the CBD. Three column
chromatography steps (Online Methods) removed any remaining
undigested material and additional contaminants, resulting in a
homogeneous preparation (Fig. 1b). N-terminal sequencing (data
not shown) confirmed that the processed molecule containing
exenatide at the N terminus was the only detectable species in the
final preparation. This fusion protein is equivalent to the VRS-859
construct currently being developed by Versartis for clinical studies.
For simplicity, it is subsequently referred to here as E-XTEN.

NATURE BIOTECHNOLOGY VOLUME 27 NUMBER 12

DECEMBER 2009

Additional payloads, including green fluorescent protein (GFP),
glucagon, factor VII and human growth hormone (hGH), have also
been fused to XTEN and purified similarly. The unique properties
of the XTEN sequence tend to dominate the characteristics of any
fusion protein, hence allowing soluble expression and conferring
thermostability for many proteins. The CBD-TEV system, although
not required for general expression, has been used to generate other
payload fusions where a native N-terminal amino acid is required,
such as the glucagon-XTEN described below.

We first characterized the E-XTEN preparation to assess its suit-
ability for in vivo and clinical applications and to confirm that the
molecule possessed the intended physical characteristics (Fig. 1c—e).
Measurements by enzyme-linked immunosorbent assay (ELISA)
indicated that host cell protein was 5 p.p.m. and OD,q, meas-
urements indicated that host cell DNA was below the detection
limit (<1 ng/mg protein). Residual bacterial endotoxin was extremely
low (0.05 endotoxin units/mg protein). When concentrated to
58 mg/ml, viscosity of the protein solution was 23 cP, with no
observable aggregation or precipitation. Thus, the fusion protein
should be amenable to injection through a fine (27-31 gauge) needle
for subcutaneous administration.

Circular dichroism spectroscopy of the purified protein shows a
single minimum at 200 nm, characteristic of an unfolded protein!® with
no evidence of secondary structure (Fig. 1c). Mass spectrometry (Fig. 1d)
reveals a single major species of the expected size (83,591 amu
measured versus 83,580 amu calculated). As the width at half-
maximum of the singly charged mass peak is <1% of the total mass,
this species is relatively homogeneous. By comparison, mass spectro-
metry of chemically PEGylated proteins typically yields considerably
broader peaks (>10% width at half-maximum) owing to the het-
erogeneity of PEG preparations!”. Size exclusion chromatography
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indicates that the protein possesses a large hydrodynamic radius, eluting
substantially earlier than apoferritin, a 475 kDa globular protein
(Fig. 1e). In addition, the protein migrates as a single band in
SDS-PAGE at ~160 kDa (Fig. 1b), larger than its actual 84 kDa. As the
globular proteins used as standards for both size exclusion chromato-
graphy and SDS-PAGE are not directly comparable to the unstruc-
tured XTEN molecule, apparent molecular weight should be viewed
as a relative rather than absolute value. Multi-angle light scattering
confirms that the molecule behaves as a monomer in solution with a
measured molecular weight close to the calculated molecular weight
(65-75 kDa and 84 kDa, respectively). These data together indicate
that the selected XTEN sequence is a well-defined chemical species
that adopts an extended, unstructured conformation in solution
under ambient conditions.

We tested the immunogenicity of E-XTEN in mice to confirm
that the selected XTEN sequence does not generate a substantial
immune response in animals. We included exenatide chemically coupled
to a 40 kDa PEG molecule and E. coli L-asparaginase (ELSPAR) for
comparison. The latter is an immunogenic bacterial enzyme approved
for human clinical use'®, and thus provides an approximate benchmark
for clinically acceptable immunogenicity. The molecules were injected
every 2 d for 3 weeks, either with or without Freund’s adjuvant (Online
Methods). IgG titers specific for each test article were measured for all
animals at the end of the study (Supplementary Table 1). As expected,
all mice dosed with r-asparaginase generated a strong immune
response independent of adjuvant co-administration. In contrast, none
of the animals that received E-XTEN mounted a detectable antibody
response, even in the presence of adjuvant. One animal mounted a
weak immune response to PEGylated exenatide after co-injection with
adjuvant. The ELISA signal was not reduced by addition of a >100-fold
excess of free exenatide peptide in the assay
(data not shown), suggesting that the titer

The pharmacokinetics of E-XTEN were initially determined in
cynomolgus monkeys (Fig. 2a). Terminal half-life of this construct
was 60 h, with 80% bioavailability from a subcutaneous injection.
Importantly, a slow absorption phase, which appears to be character-
istic of XTEN fusion proteins, was noted after subcutaneous injection.
The absorption phase results in a maximum plasma concentration
(Cpnax) 24—48 h after injection and an essentially flat plasma concen-
tration profile for ~100 h before reaching a linear elimination phase.
Biological activity and extended pharmacodynamic effects of E-XTEN
were confirmed using a mouse glucose-challenge model (Fig. 2b). The
data show that E-XTEN confers resistance to glucose challenge for at
least 48 h. The observed effect is comparable to the reported effect of
an albumin-GLP1 fusion (Albugon) in the same model, with the excep-
tion that Albugon-challenge resistance data are only reported up to 1 h
after dosing!®. Consistent with its rapid clearance in mice (Table 1),
unmodified exenatide showed no efficacy at this time point (Fig. 2b).

To predict the expected human half-life of E-XTEN, pharmaco-
kinetic parameters were determined in four species (Fig. 3a—c). The
half-life in a 75 kg human is predicted to be 139 h (Fig. 3a). A variety
of factors including dose, route of administration, formulation excipi-
ents, absorption profile and bioavailability make terminal half-life
alone a suboptimal measure of clinical utility. An alternative assess-
ment of the pharmacokinetic profile is the time after injection that a
molecule remains above a therapeutically effective plasma threshold
concentration. Human dosage is also typically limited by toxicity at
high concentrations, leading to a definition of a ‘therapeutic window’
as the plasma concentration range between the maximum achieved
plasma concentration and the minimum efficacious concentration.
The slow subcutaneous absorption of E-XTEN and other XTEN-
containing constructs may enable administration of a high total dose

Table 1 Comparison of terminal plasma half-lives of XTEN fusion proteins

was primarily directed against the PEG moiety.

h L Unmodified XTEN length XTEN PK Fold

A follow-up study using 20 mice injected  payioad Species PK (h) (aa) (h) Improvement
Wee?” fortiwfeks Wltth Ef XTEN plus a‘.iﬂ.ltvan; Exenatide  Mouse 0.172 864 12 71
'fl’(l)n)gfrg;\f . ¢ ,OW (1‘;1 ¢ Ol 1mm1t1nogfe:11ci Y Od Exenatide Rat 0.492 864 32 65
¢ pvivo \supprementary g, 1 and e o atide  Monkey 0.48 (ref. 25) 864 60° 125

Supplementary Table 2). Further, a sepa-

. GFP Rat 2.5 864 29 12
rate study using GFP fused to XTEN (GFP- GFP Rat o5 576 15 6
XTEN) in rabbits showed a robust immune GFP Rat 2' 5 288 8 3
reft:ponse tot tge‘ GFP ps)rtg)n of tilhe n;)leculf GFP Monkey ND 864 73 ND
]e; fr relpea e klinmunllz'élon with a Juva.r; s arp Monkey ND 576 - ND
but only weas t0 00 IgG responses specfic o,y e 1008 110 D
orte portion ot the morectle WUPPIE™ ¢ agon  Monkey <0.17 (ref. 26) 288 9 >53

mentary Fig. 2). Taken together, these data
indicate that XTEN is not strongly immuno-
genic in mice and rabbits.
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aExenatide Pharmacology/Toxicology Review and Evaluation, http://www.accessdata.fda.gov/drugsatfda_docs/nda/2005/021773_
ByettaTOC.cfm. PFor comparison, an exenatide-albumin fusion has a reported half-life of 56.7 h in cynomolgus monkeys?7.
PK, pharmacokinetic terminal half-life; GFP, green fluorescent protein; ND, not determined; hGH, human growth hormone.
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of active drug. For example, if the therapeutic window of the E-XTEN
and similar constructs is assumed to cover a 16-fold (four half-lives)
concentration range, a simple model predicts that monthly dosing will
be sufficient to maintain drug levels within this range.

The terminal half-lives of XTEN-modified proteins are moderately
payload-dependent. For instance, GFP-XTEN and hGH-XTEN have
terminal plasma half-lives of 73 h and 110 h, respectively (Table 1,
Supplementary Fig. 3 and Supplementary Table 3). However, the
half-life is primarily determined by the length of the XTEN. Altering
the length of XTEN attached to GFP from 864 to 288 amino acids
generated molecules with a broad range of half-lives (Table 1). Data
from additional payloads fused to XTEN further demonstrate the
breadth of utility of the technology. For example, the 29-amino-acid
peptide glucagon, currently marketed only for treatment of acute
hypoglycemia?’, demonstrates the value of being able to tune a
protein’s half-life to meet the requirements of its intended clinical
application. As recent studies have suggested that overnight dosage
forms may be useful for prevention of nocturnal hypoglycemia?!,
we fused a truncated (288 amino acid) XTEN sequence to glucagon
to obtain a molecule with a terminal half-life of only 9 h (Table 1,
Supplementary Fig. 4 and Supplementary Table 4).

Our data demonstrate that XTEN can provide an effective means
for extending the plasma half-life of therapeutic proteins. The recom-
binant nature of XTEN provides several advantages over traditional
PEGylation. Genetic fusion of a defined amino acid sequence results
in a homogeneous drug compound relative to chemically PEGylated
proteins due to the heterogeneity in both the site of modification of
most chemical PEGs and heterogeneity in the chemical PEG itself.
The overall cost is lower and yield of the final product is higher for
XTEN products, as the need for chemical coupling and purification
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Figure 3 Allometric scaling of E-XTEN to humans using data from

four species. (a—c) Allometric scaling of E-XTEN terminal half-life (a),
clearance (b) and volume of distribution (c). Species for each data

point (filled squares) are labeled as follows: M, mouse (0.025 kg);

R, rat (0.25 kg); C, cynomolgus monkey (5 kg); D, dog (beagle; 12 kg).
We predicted a value for a 75 kg human value based on a linear fit of
the data (H,¢q, Open square). Predicted human values for each parameter
are displayed on each panel, as well as the R? value for each linear fit.
Using a previously described method?8, the terminal half-life in humans
can also be estimated using the predicted values for clearance (Cl)

and volume of distribution (Vd) as 0.693 x Vd/CI. Applying this formula
yields a predicted terminal half-life of 139 h in humans, which agrees
with the linear extrapolation.

from multiply PEGylated species, inactive species and free PEG has
been avoided. As the XTEN sequence is composed of only natural
amino acids, it is efficiently biodegraded (Supplementary Fig. 5).
Non-GLP toxicity studies of two XTEN products including E-XTEN
showed no XTEN-related adverse effects at single doses in rats (n=12)
of up to 200 mg/kg, and no evidence of kidney vacuoles or other toxi-
cities was observed after repeatedly dosing E-XTEN in mice (n = 20)
at 10 mg/kg every 2 d for 14 d (data not shown).

Other recombinant methods of half-life extension involve fusion to
immunoglobulins or antibody-derived fragments, albumin or domains
that bind to long-lived molecules in plasma. Although each technology
has its own strengths, XTEN is applicable to a wider variety of drugs.
Whereas the XTEN sequence can be expressed in either bacterial or
mammalian cells (Supplementary Fig. 6 and Supplementary Table 5),
use of fusion partners such as immunoglobulins and albumin are typi-
cally restricted to mammalian production. Like these methods, XTEN
is typically attached to either the N or C terminus of the payload pro-
tein. However, XTEN has the advantage of being able to act as a linker
between protein domains, enabling multivalency and multispecificity.
Furthermore, the high solubility of XTEN improves the stability of
several payloads (Supplementary Figs. 7 and 8) and should thus facili-
tate manufacture of therapeutic protein products. Finally, the ability
to control the terminal half-life of the XTEN fusion construct is typi-
cally not possible with strategies involving fusions to albumin, whole
immunoglobulins or immunoglobulin-derived fragments.

Our data demonstrate that XTEN has a low rate of immunogenicity in
animals, even in the presence of adjuvant. This suggests that it is unlikely to
be strongly immunogenic in humans. Further, the complete lack of hydro-
phobic residues implies that XTEN contains few, if any, T-cell epitopes, as
MHC molecules require a hydrophobic anchor residue for efficient display
of apeptide sequence!'. Even in the event an immune response is mounted
against the XTEN sequence, cross-reactive autoimmunity is unlikely to
result from such a response, as BLASTP analysis suggests that the XTEN
sequence does not possess any known homology to natural human
proteins. It is also well-established that PEG can reduce the immunogenicity
of the payload to which it is attached??. Like PEG, XTEN also stabilizes its
payload by means of a shielding mechanism (Supplementary Figs. 7 and
8). Although shielding effects can also result in a loss of specific activity for
PEGylated or half-life extended fusion (and likely XTENylated) products
in vitro, the increased in vivo exposure in many cases results in a net
improvement in overall efficacy?®2.

The exceptionally flat and sustained absorption profile of peptides
and proteins fused to XTEN (Fig. 2a) is particularly well-suited to
clinical applications. Peak dose toxicity is a limiting factor in the
clinical dosing of many drugs. The flat absorption profile of XTEN-
containing compounds is expected to reduce safety issues associated
with peak dose toxicity for many drugs while simultaneously increas-
ing the time within the therapeutic window for the drug. The high
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plate in PBS containing 1% BSA and 0.5% Tween 20. After a 2 h incubation
and washing, the samples were probed by the addition of biotinylated IgG
(rabbit anti-exenatide biotinylated in-house, Peninsula Laboratories) to each
well. After incubation and washing, plates were developed by incubation with
horseradish peroxidase-conjugated streptavidin (Thermo Fisher Scientific)
followed by tetramethylbenzidine substrate (Neogen), then quenched with
0.2 N H,SO, and read at 450 nm.

Mouse glucose challenge model. The glucose challenge study was performed
in normal mice essentially as described!®. Briefly, six Swiss-Webster mice were

NATURE BIOTECHNOLOGY

injected intraperitoneally (IP) with either placebo, 0.4 mg/kg exenatide, or
10 mg/kg of E-XTEN 48 h before glucose challenge (dosing is equivalent on a
molar scale). At time 0, all mice received a single bolus IP injection correspond-
ing to 1.5 mg glucose per gram body weight. Blood glucose concentration was
sampled from the tail and measured by hand-held glucometer at the indicated
times relative to glucose challenge.

29. Folta-Stogniew, E. & Williams, K.R. Determination of molecular masses of proteins
in solution: Implementation of an HPLC size exclusion chromatography and laser
light scattering service in a core laboratory. J. Biomol. Tech. 10, 51-63 (1999).
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