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Biotech in China

A special report analyzing China's emerging biotech and pharmaceutical
industries. The main feature investigates the local strategies of western

and Chinese organisations, assessing massive investment programs and a
returning western trained skilled work force. Will China achieve its ambition
to develop and innovative drug discovery industry to compliment its generics
industry? How long do the experts believe it will be before China has its own
home grown innovative new drug approved for the global markets? What are
activities of western drug companies in China? The "Biotech in China” special
report follows Letters on page 176 and is produced with the commercial
support from the organizations featured in the Advertaorial Partnering Profiles.




Endothelial cell recipe

Endothelial cells derived
from pluripotent stem cells
might one day provide the
raw material for engineering
or repairing blood vessels. To
develop an improved method
for vascular differentiation,
Rafii and colleagues generate
a human embryonic stem
cell line that expresses green
fluorescent protein under
the control of the endothelial
cell-specific VE-cadherin
promoter. Using this reporter
cell line to screen molecules
involved in early developmental signaling, they find that
inhibition of transforming growth factor (TGF)B beginning at
day 7 of differentiation increases the yield of endothelial cells
and maintains the cells' vascular phenotype for up to ten cell
divisions. Mechanistic investigation identifies the transcription
factor 1d1 as a key mediator of the effects of TGFp inhibition.
[Letters, p. 161] KA

Predicting plant gene function
Despite extensive mutant screening,

the functions of many plant genes are i
still unknown. Lee et al. predict gene

function in the model plant Arabidopsis

thaliana by gauging the likelihood that ®

pairs of genes are involved in the same
biological processes. Each pair of genes
is assigned a score that combines many ®_

types of experimental and computa-

tional data gathered in Arabidopsis. The

score also incorporates data from other organisms, such as yeast,
worm, fly and humans, on genes that show substantial sequence
similarity to Arabidopsis genes. Then, the function of an Arabidopsis
gene is predicted based on the scores linking it to other genes with
known function. To demonstrate the utility of the approach, Lee et
al. predicted and validated the roles of genes in seed pigmentation,
lateral root development and drought sensitivity. By integrating mul-
tiple sources of data using methods customized for plants, Lee et al.
predict gene function with greater confidence than by using only a
single source of data. This study provides a resource for identifying
genes that influence agriculturally and economically important plant
traits. [Resource, p. 149] CM

Written by Kathy Aschheim, Markus Elsner, Michael Francisco, Peter Hare,
Craig Mak & Lisa Melton
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Potent siRNA delivery

Empirical screening has revealed novel
lipid nanoparticle formulations that
have substantially enhanced in vivo
delivery of therapeutic small interfer-
ing (si)RNAs. Now Semple ef al. have
set a new potency standard for siRNA
delivery to the liver by adopting a more
rational approach to the design of cationic lipids. They refined an
empirically identified cationic lipid (1,2-dilinoleyloxy-3-dime-
thylaminopropane), widely regarded as the benchmark for use in
lipid nanoparticles, by dividing the structure into three functional
elements and then systematically testing modifications of each ele-

ment in isolation. This strategy to reveal structure-activity relation-
ships was guided by the putative role of cone-shaped lipids to induce
nonbilayer phases, such as the hexagonal Hy; phase illustrated here.
When formulated to silence hepatic gene expression, the best-per-
forming lipid variant conferred in vivo activity at siRNA doses as
low as 0.01 mg/kg in rodents and 0.1 mg/kg in nonhuman primates.
[Letters, p. 172] PH

Lighting up HCV infection

Protocols for detecting hepatitis C
virus infection without the need for
complex manipulation of clinical
samples or the use of genetically engi-
neered viruses is of prime importance
for many applications in basic research
and drug development. Rice and col-
leagues have now developed a fluores-
cent reporter system that allows the
detection of individual cells infected
by wild-type viruses. The reporter
molecule is based on a known target of
aviral protease, interferon-f promoter
stimulator protein 1 (IPS-1). The
C-terminal part of IPS-1, including
the mitochondrial targeting sequence
and the protease cleavage site, is fused
to a fluorescent protein and a nuclear
localization sequence. Upon expres-
sion of the viral protease the con-
struct is cleaved and the fluorescent
protein relocalizes from the mitochon-
dria to the nucleus. The authors use
their reporter molecule to study viral
propagation in living cells and the

development of stress responses in cells after infection. They also
demonstrate that primary hepatocytes can be infected with hepatitis
C viruses in vitro. [Letters, p. 167] ME
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Linking antibody half-life to efficacy

Mutations that improve the affinity of antibodies for the neona-
tal Fc receptor (FcRn) are known to enhance antibody longevity
in vivo. Nonetheless, it has never been demonstrated that prolonged

Patent roundup

Bringing a five-year patent dispute to an end, a federal court in
Boston has ruled that Roche’s Mircera (methoxy polyethylene
glycolepoetin beta) does, indeed, infringe on Amgen’s patents

and slapped the Swiss drugmaker with a permanent injunction
banning sales in the US market. Roche has agreed to a limited
license agreement with Amgen that will allow it to sell Mircera in
the US until 2014. [News, p. 112] LM

To solve the conflict between free access to scientific discovery

and intellectual property rights, Bentwich proposes a provisional
patented paper application procedure that could promote earlier
disclosure of novel scientific knowledge and justify the requirement
to grant inexpensive licenses for using inventions for the

advancement of other research. [Patent Article, p. 1371 MF
Recent patent applications in antibody fragments.
[New patents, p. 141] MF

viii

exposure to Fc-engineered therapeutic antibodies necessarily
enhances in vivo activity. Desjarlais and colleagues use cynomolgug
monkeys and a humanized transgenic mouse model to show that the
reduction in antibody clearance caused by increased antibody affinity
for FcRn enhances the antitumor activities of antibodies targeteq
against either an internalizing surface receptor (epidermal growth
factor receptar) or a cytokine (vascular endothelial growth factor),
The enhanced pharmacokinetics associated with Fc-engineered vari-
ants may translate to greater convenience for patients, reduced costs
and higher efficacy. [Brief Communications, p. 157] PH
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e Screening for drugs that reconfigure metabolism
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e Leukemia stem cell quiescence and resistance to
chemotherapy

* Directed evolution of an MRI contrast agent for
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Enhanced antibody half-life
improves /n vivo activity

Jonathan Zalevsky!-*, Aaron K Chamberlain',

Holly M Horton!, Sher Karki!, Irene W L Leung,
Thomas J Sproule?, Greg A Lazar!, Derry C Roopenian® &
John R Desjarlais!

Improved affinity for the neonatal Fc receptor (FcRn) is known
to extend antibody half-life in vivo. However, this has never
peen linked with enhanced therapeutic efficacy. We tested
whether antibodies with half-lives extended up to fivefold in
human (h)FcRn transgenic mice and threefold in cynomolgus
monkeys retain efficacy at longer dosing intervals. We observed
that prolonged exposure due to FcRn-mediated enhancement
of half-life improved antitumor activity of Fc-engineered
antibodies in an hFcRn/Ragl~~ mouse model. This bridges the
demand for dosing convenience with the clinical necessity of
maintaining efficacy.

The well-established role of FcRn in IgG turnover has been the foun-
dation for Fc engineering efforts aimed at improving the pharmaco-
kinetic properties of therapeutic antibodies!?. Despite contrary
results about the relationship between FcRn affinity and half-life®4,
several such efforts at pharmacokinetic engineering in nonhuman
primates, whose FcRn is similar to that of humans, have demonstrated
that engineered antibody variants have a prolonged half-life>. Yet,
although the successful extension of half-life in pharmacokinetic
experiments bodes well for the prospect of improving clinical dos-
ing, a critical gap remains. For half-life extension technologies to be
of practical use, efficacy of a biotherapeutic with longer half-life must
be preserved at longer dosing intervals. Although the relationship
between drug exposure and efficacy is well-established, this correla-
tion has not thus far been established for antibodies engineered for
longer half-life.

We coupled rational design methods with high-throughput protein
screening to engineer a series of Fc variants with greater affinity for
human FcRn. Variants were constructed in the context of the human-
ized anti-vascular endothelial growth factor (VEGF) IgG1 antibody
bevacizumab® (Avastin), which is currently approved for the treat-
ment of colorectal, lung, breast and renal cancers. A description of the
construction, production and binding studies of the antibodies is pro-
vided in Supplementary Methods. As FcRn binds 1gG at the lower pH
of the early endosome (pH 6.0-6.5) but not at the higher pH of blood
(pH 7.4), we used Biacore to screen antibodies for binding to human
FcRn at pH 6.0. Our engineered variants demonstrated between
3-and 20-fold greater binding to FcRn at pH 6.0, with improvements

due almost exclusively to slower off-rate (k) (Supplementary Fig. 1
and Supplementary Table 1). A lead variant, M4281/N434S, sub-
sequently selected principally based on its pharmacokinetic per-
formance (see below), provided an 11-fold improvement in FcRn
affinity at pH 6.0. We refer to this double substitution in the context of
bevacizumab as Xtend-VEGE

Details of a pharmacokinetic study in cynomolgus monkeys
(Macaca fascicularis) to evaluate the capacity of the variants to
improve serum half-life are provided in the Supplementary Methods.
Binding improvements of the variants to monkey FcRn at pH 6.0
were comparable to improvements for human FcRn, and the rank
order of the variants in FcRn affinity was the same (data not shown).
When three monkeys per group were injected intravenously with
4 mg/kg variant or native IgG1 anti-VEGF antibody, we observed a
large improvement in half-life for the variants relative to native IgG1
(Supplementary Fig. 2a). Fitted parameters for the full set of variants
(Supplementary Table 2) indicated increases in B-phase half-life, area
under the curve (AUC) measurements and the rate of antibody clear-
ance from serum. The observed 9.7-d half-life for native IgG1 beva-
cizumab agrees with the published value (9.3 d) for a slightly lower
(2 mg/kg) dose'’. Among the engineered antibodies that were tested,
the Xtend double variant performed best (Fig. 1a). It prolonged half-
life from 9.7 to 31.1 d, a 3.2-fold improvement in serum half-life
relative to native IgG1 (Supplementary Table 2). Simple allometric
scaling extrapolations suggest that such improvement can potentially
translate into human half-lives >50 d.

We then sought to further challenge the applicability of pharma-
cokinetic engineering by targeting an internalizing cell-surface anti-
gen that potentially provides a competing sink for antibody clearance.
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Figure 1 Increasing antibody affinity to FcRn promotes half-life extension

in cynomolgus monkeys. (a) Log-linear changes in serum concentrations for
anti-VEGF (bevacizumab) antibodies in cynomolgus monkeys. All antibodies
were administered by single 60-min intravenous infusion at 4 mg/kg and
serum antibody concentrations were determined using a VEGF antigen-
down immunoassay. Results are means +s.e.m. (n= 2 for bevacizumab

and n = 3 for variants). (b) Log-linear changes in serum concentrations for
anti-EGFR antibodies in cynomalgus monkeys. Monoclonal antibodies were
administered by single 30-min intravenous infusion at 7.5 mg/kg and serum
antibody concentrations were determined using an EGFR antigen-down
immunoassay. Results are means (n = 2 animals per test article).
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Figure 2 Improved antibody half-life translates to greater in vivo efficacy.

(a) Log-linear changes in serum concentrations of anti-VEGF antibodies in
hFcRn mice. All antibodies were administered via single intravenous bolus
at 2 mg/kg, and serum antibody concentrations were determined using a
human immunoglobulin recognition immunoassay. Results are means

+ standard errors (7 = 6). For some data points, errors are smaller than can
be indicated. (b) Log-linear changes in serum concentrations of anti-EGFR
antibodies in hFcRn mice. The study design was identical to that described
in a, except that serum concentrations were measured with an EGFR
antigen-down immunoassay. (c) Xenograft study in hFcRn/Ragl~" mice
comparing activity of native IgG1 and Xtend variant versions of bevacizumab
against established SKOV-3 tumors. Tumor volume is plotted against day
after tumor cell injection. Antibodies were dosed at 5 mg/kg every 10 d
starting on day 35 (indicated by the arrows). n = 8 mice/group. *, P=0.028
at 84 d. (d) Xenograft study in hFcRn/Ragl ™~ mice comparing activity of
anti-EGFR antibodies against established A431 tumors. Tumor volume is
plotted against day after tumor cell injection. Antibodies were dosed 5 mg/kg
every 10 d starting on day 10 (indicated by the arrows). n = 9 mice/group.

*. P=0.008 at354.

Several studies have demonstrated that antibodies to epidermal
growth factor receptor (EGFR) are internalized. Moreover, nonlin-
ear dose-dependent clearance has been observed in monkeys and
humans, leading to the hypothesis that receptor-dependent inter-
nalization makes a major contribution to clearance of anti-EGFR
antibodies!">!?. The M428L/N434S Xtend variant was constructed in
a humanized version (huC225) of the anti-EGFR antibody cetuximab
(C225)"2 (Erbitux), which is approved for the treatment of colorectal
and head and neck cancers. We refer to this pharmacokinetically
enhanced anti-EGFR antibody as Xtend-EGFR. The improvement
in affinity for human FcRn resembled that observed for anti-VEGE;
binding to human EGER antigen was unperturbed, and both cetuxi-
mab and humanized cetuximab cross-react with cynomolgus EGFR '
(data not shown). The 7.5 mg/kg dose chosen for this study is in a
range where the dose-clearance relationship is nonlinear!®. In our
hands cetuximab had a half-life of 1.5 d (Supplementary Table 2),
similar to previously published data at the same dose (2.7-3.1 d)™.
Consistent with the bevacizumab results, the Xtend variant anti-
EGEFR increased half-life to 4.7 d, reflecting a 3.1-fold improvement
(Fig. 1b and Supplementary Table 2). We have thus demonstrated
pharmacokinetic improvements conferred by Fc engineering of an
internalizing antibody, even when it is dosed within the nonlinear
clearance regime.

We performed pharmacokinetic experiments in C57BL/6] (B6)-
background mice that are homozygous for a knockout allele of murine

FcRn and heterozygous for a human FcRn transgene (mFcRn™/-,

158

hFcRn*)', referred to here as hFcRn mice. A description of these
experiments is provided in the Supplementary Methods. Serum
concentration data for native IgG1 and Xtend anti-VEGF antibodieg
showed a dramatic enhancement in half-life for the variant relative
to native IgG1 (Fig. 2a), improving half-life fourfold from ~3-12 ¢
(Supplementary Table 2). In the anti-EGFR context, the Xtend
variant improved half-life to 13.9 d relative to 2.9 d for cetuximab,
resulting in an enhancement of about fivefold (Fig. 2b and
Supplementary Table 2). The IgG1 version of huC225 also had a rela-
tively short half-life of 2 d (data not shown). We observed a general
correlation between antibody half-life and FcRn affinity at pH 6.0
across two anti-VEGF studies and one anti-EGFR hF¢Rn pharmaco-
kinetic study. The pharmacokinetic results for individual variants
and native IgG1 were consistent and reproducible between the three
studies (Supplementary Fig. 2b—c and Supplementary Table 2).

To test whether the slower clearance of our pharmacokinetic-
enginecred antibodies results in improved exposure-related pharma-
cology, we developed an hFcRn transgenic, Ragl ™~ immunodeficient
mouse strain (Supplementary Methods and Supplementary Fig. 3).
For VEGF, SKOV-3 tumors were established to 25-60 mm? and then
treated with either vehicle or 5 mg/kg native IgG1 or Xtend variant
bevacizumab every 10 d. This dosing schedule approximated the half-
life of the Xtend variant, but was three to four half-lives longer than
the half-life of the native IgG1 version (Supplementary Table 2). A
statistically greater level of tumor reduction (P = 0.028 at study termi-
nation) was observed for the Xtend variant relative to the native IgG1
version (Fig. 2¢). A similar study in hFcRn/Ragl ™~ mice comparing
Xtend-EGER to a native IgG1 version showed similar improvements
in tumor reduction (P = 0.005) against established A431 epidermoid
carcinoma tumors (Fig. 2d). Consistent with the pharmacokinetic
results in hFcRn mice (Fig. 2a-b), the variants reduced clearance in
the hFcRn/Ragl~~ mice (Supplementary Fig. 3a-b), demonstrating
an inverse correlation between tumor volume and serum concentra-
tion of antibody at study termination. These results indicate that the
slower clearance of the variant antibodies leads to higher drug
exposure and consequently superior tumor-suppressing pharmaco-
logy. Additional studies comparing various dosing intervals of the
Xtend variants and parent antibodies will be necessary to precisely
define dosing regimens for optimal clinical benefit. However, the
results described here firmly establish a positive correlation between
pharmacokinetic enhancement and in vivo efficacy.

Despite the reasonably long half-lives of monoclonal antibodies,
market pressures for higher patient convenience and compliance con-
tinue to drive antibody drug programs toward less frequent dosing
schedules. Yet, because of the potential loss in efficacy when the dosing
frequency is not justified by the pharmacokinetics of the drug, the
critical issue of whether slower antibody clearance through Fc engi-
neering leads to superior exposure-dependent efficacy has remained
unresolved. Our results indicate that, for at least some therapies,
efficacy can be preserved with extended dosing intervals enabled by
pharmacokinetic engineering. This work thus paves the way for a new
generation of antibody therapies and biologically superior versions of
approved antibody drugs that deliver finer control over dosing while
providing greater convenience to patients.

Note: Supplementary information is available on the Nature Biotechnology website.

ACKNOWLEDGMENTS

We thank The Jackson Laboratory JAX West and SNBL USA for carrying out
pharmacokinetic experiments, B. Dahiyat for helpful discussions, and

A. Eivazi, D.-H.T. Nguyen, H. Herman, .M. Jacinto and U.S. Muchhal for
technical contributions.

VOLUME 28 NUMBER 2 FEBRUARY 2010 NATURE BIOTECHNOLOGY



OR CONTRIBUTIONS

7., A.K.C., HM.H., G.A.L, D.C.R. and J.R.I. designed the research, J.Z., A.K.C.,

M.H., S.K., LW.L.L. and T.].S. carried out experiments, and ].Z., G.A.L. and
R.D. wrote the manuscript.

' COMPETING INTERESTS STATEMENT
‘The authors declare competing financial interests: details accompany the full-text
- HTML version of the paper at http://www.nature.com/naturebiotechnology/.

_published online at http:/www.nature.com/naturebiotechnology/.
Reprints and permissions information is available online at http://npg.nature.com/
printsandpermissions/.

. Roopenian, D.C. & Akilesh, S. Nat. Rev. Immunol. 7, 715-725 (2007).

. Presta, L.G.. Curr. Opin. Immunol. 20, 460-470 (2008).

3. Datta-Mannan, A, Witcher, D.R., Tang, Y., Watkins, J. & Wroblewski, V.J. J. Biol.
Chem. 282, 1709-1717 (2007).

_,‘,TURE BIOTECHNOLOGY VOLUME 28 NUMBER 2 FEBRUARY 2010

BRIEF COMMUNICATIONS

4. Gurbaxani, B., Dela Cruz, L.L., Chintalacharuvu, K. & Morrison, S.L. Mol. immunol.

43, 1462-1473 (2006).

Dall’Acqua, W.F., Kiener, PA. & Wu, H.. J. Biol. Chem. 281, 23514-23524

(2006).

Hinton, P.R. ef al. J. Biol. Chem. 279, 6213-6216 (2004).

Hinton, PR. et al. J. Immunel. 176, 346-356 (2006).

Yeung, Y.A. et al. J. Immunol. 182, 7663-7671 (2009).

Presta, L.G. et al, Cancer Res, 57, 4593-4599 (1997).

Lin, Y.S. et al. J. Pharmacol. Exp. Ther. 288, 371-378 (1999).

Fan, Z., Lu, Y., Wu, X. & Mendelsohn, J. J. Biol. Chem. 269, 27595-27602

(1994).

Lammerts van Bueren, J.J. ef al. Cancer Res. 66, 7630-7638 (2006).

Naramura, M., Gillies, S.D., Mendelsohn, J., Reisfeld, R.A. & Mueller, B.M. Cancer

Immunol. Immunother. 37, 343-349 (1993).

14, Imclone Systems, Inc Biologic License Application 125084, Erbitux (Cetuximab)
(US Food and Drug Administration, Feb. 12, 2004). {http://www.accessdata.fda.
gov/drugsatfda_docs/bla/2004/125084_ERBITUX_PHARMR_P2,PDF).

15, Petkova, S.B. et al. Int. Immunol. 18, 1759-1769 (2006).

o

0o

0.
1.

12.
13

159



