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Abstract

The enhancement of immune effector functions has been proposed as a potential strategy for increasing the

efficacy of therapeutic antibodies. Here, we show that removing fucose from trastuzumab (Herceptin) in-

creased its binding to FcyRIlla, enhanced antibody-dependent cell-mediated cytotoxicity, and more than

doubled the median progression-free survival when compared with conventional trastuzumab in treating pre-

clinical models of HER2-amplified breast cancer. Our results show that afucosylated trastuzumab has superior

efficacy in treating in vivo models of HER2-amplified breast cancer and support the development of effector
function-enhanced antibodies for solid tumor therapy. Cancer Res; 70(11); 4481-9. ©2010 AACR.

Introduction

Herceptin (trastuzumab) is a humanized antibody for
treating HER2/ErbB2-overexpressing breast cancer. Trastu-
zumab was initially approved for the treatment of women
with HER2-positive metastatic breast cancer in combination
with standard cytotoxic chemotherapy (1) and as a mono-
therapy (2, 3). Multiple studies have been completed in
several large adjuvant or early breast cancer trials for
HER2-positive breast cancer (4). A survival benefit was noted
after only 2 years of follow-up, which is impressive in breast
cancer (4). Multiple mechanisms of action are thought to
contribute to the tumor-inhibitory effect of trastuzumab.
Binding of trastuzumab to HER2 has a direct inhibitory
effect on HER2-amplified tumor cells. Trastuzumab disrupts
the ligand-independent HER2-HERS3 interaction resulting in
rapid inhibition of HER3/PI3K/AKT signaling (5). Ultimately,
this leads to an increase in the CDK2 inhibitor, p27, resulting
in cell cycle arrest of the cancer cells (5-8). Another primary
effect on tumor cells is the ability of trastuzumab to inhibit
HER?2 ectodomain shedding (9), which may have therapeutic
significance. Trastuzumab is also known fo have synergistic
effects when combined with chemotherapy (10).

In addition to directly inhibiting tumor cell signaling, tras-
tuzumab can also mediate the effector functions of immune
cells through the constant region (Fc) of the antibody. As a
humanized IgG,, it binds to Fery receptor III (RIII) and is a
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potent mediator of antibody-dependent cell-mediated cyto-
toxicity (ADCC). The ability of trastuzumab to mediate
ADCC is strictly related to HER2 density (11). Tumor cells
that overexpress HER2 are observed to have 100-fold more
HER2 on their cell surface than normal adjacent breast epi-
thelial cells (12). As a result, trastuzumab mediates ADCC
very effectively against target cell lines that overexpress
HER?2 but displays only background activity against cells that
express normal levels of HER2. Depleting trastuzumab
effector functions by Fc modification or deleting the FcyR
functions from the mouse results in significant reduction
of trastuzumab efficacy, demonstrating the importance of
immune effector functions in trastuzumab response (13).
Clinical relevance for effector functions of Herceptin is
supported by a report demonstrating that trastuzumab effi-
cacy correlated with the high-affinity FcyRIII genotype (V/V;
ref. 14) similar to rituximab-treated patients (15). Further-
more, increased tumor-associated natural killer (NK) cells
and lytic capacity of effector cells were detected after trastu-
zumab treatment (16-18), and trastuzumab response corre-
lated with high in vitro ADCC (17, 18) and immune cell
infiltration (17).

Together, the aforementioned studies provide a biological
and clinical rationale for a strategy in which increasing
trastuzumab-FcyRIIla affinity could enhance therapeutic
benefit. Currently, no published reports have shown that
enhancing FcyR affinity results in enhanced in vivo efficacy
for the treatment of established, nonhematologic tumors.
Although promising results are described in a few published
reports in which treatment commenced at the same time as
tumor cell inoculation (13, 19, 20), these studies leave open
the question of whether the observed outcomes were due to
the effects on tumor implantation. The primary aim of the
present study is to determine whether the efficacy of trastu-
zumab in suppressing the growth of established tumors is
augmented by increasing FcyR binding affinity.
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Materials and Methods

Cell lines

Breast cancer cell line BT-474-M1 is an in vivo-passaged
subclone of BT-474 (American Type Culture Collection;
ref. 13). MCF7-neo/HER2 cells were established at Genen-
tech, Inc. KPL-4 breast cancer cells were obtained from
J. Kurebayashi (Department of Breast and Thyroid Surgery,
Kawasaki Medical School, Kurashiki, Okayama, Japan;
ref. 21). SKBR-3 and MCF-10A cells were from American Type
Culture Collection. Cell lines were maintained in high-glucose
DMEM/Ham's F-12 (50:50) supplemented with 10% fetal bo-
vine serum and 2 mmol/L of L-glutamine.

Analysis of N-linked oligosaccharides

The oligosaccharide profiles of the antibodies were ana-
lyzed by matrix-assisted laser desorption/ionization time-
of-flight mass spectrometry, as previously described (22).

Fey receptor binding ELISA

Soluble human FcyRl, FcyRIIA, FeyRIIB, FeyRIIIA(F158),
and FcyRIIMA(V158) (ref. 23), and mouse FeyRI, FcyRIL
and FcyRIIIA (Genentech) were expressed in Chinese
hamster ovary (CHO) cells (mFcyRI and mFcyRII in 293
cells) as recombinant fusion proteins with Gly-His6-gluta-
thione S-transferase at the COOH terminus of the extracel-
lular domain of the receptor a chains. Soluble mouse
FeyRIV was expressed in CHO cells as a recombinant fu-
sion protein with Gly-His8 at the COOH terminus of the ex-
tracellular domain of the receptor o chains (Genentech).
MaxiSorp 384-well microwell plates (Nunc) were coated
with 2 ug/mL of anti-glutathione S-transferase (clone
8E2.1.1; Genentech) or anti-His (penta his antibody, for
mouse FcyRIV; Qiagen) in 50 mmol/L of carbonate buffer
(pH 9.6), at 4°C overnight followed by a wash (PBS contain-
ing 0.05% polysorbate; pH 7.4). Plates were blocked for
1 hour in room temperature with PBS containing 0.5% bo-
vine serum albumin (BSA) and washed. Fcy receptor [0.25
ug/mkL, in PBS containing 0.5% BSA, and 0.05% polysorbate
20 (pH 7.4) in assay buffer] was incubated in plates for
1 hour followed by a wash. To measure binding to the
high-affinity FeyRL, IgG antibodies (0.0085-500 ng/mL in
3-fold serial dilution) in assay buffer were added to the
plates. To measure binding to the low-affinity FcyRII,
Fevylll, and FeyRIV, IgG antibodies were first incubated
with goat F(ab')2 anti-« antibody (MP Biomedicals) at a
1:2 (w/w) ratio for 1 hour to form antibody complexes.
Complexed IgG antibodies (0.42-25,000 ng/mL in 3-fold se-
rial dilution) in assay buffer were added to the plates, incu-
bated for 2 hours, and washed. Bound IgG was detected
after 1 hour of incubation with peroxidase-labeled goat F
(ab’)2 anti-human IgG F(ab’)2 (Jackson ImmunoResearch)
in assay buffer followed by a wash, incubation with sub-
strate (3’,5,5'-tetramethyl benzidine; Kirkegaard & Perry
Laboratories), and termination with 1 mol/L of phosphoric
acid. The absorbance (450 nm) at the midpoint of the stan-
dard curve (mid-OD) was calculated. The corresponding
concentrations of standard and samples at this mid-OD

were determined from the titration curves using a four-
parameter nonlinear regression curve-fitting program (XLfit).

In vitro ADCC

In vitro ADCC assays were performed as previously de-
scribed (24). In short, peripheral blood mononuclear cells
(PBMC) were separated from the blood of normal volunteers
using lymphocyte separation medium (MP Biomedicals). The
NK cells were enriched from the PBMCs using anti-CD56
microbeads (Miltenyi Biotec). Target cells (1 x 10*) were pre-
incubated with antibodies for 30 minutes in 37°C in serum-
free RPMI 1640 supplemented with 0.1% BSA before adding
the effector cells in a 25:1 E/T ratio (10:1 when NKs were
used as effectors). The cells were incubated for an additional
4 hours before detecting death by measuring the lactate de-
hydrogenase activity from the medium using Cytotoxicity
Detection Kit (LDH; Roche). All measurements were done
in quadruplicate. The percentage of cytotoxicity was calcu-
lated as follows: % cytotoxicity (experimental lysis — spontaneous
effector lysis — spontaneous target lysis) / (maximum target
lysis - spontaneous target lysis) x 100.

HER2 binding

Nunc BreakApart Immunomodule plates (Nunc) were coat-
ed with 20 ng/mL of HER2-ECD-Ig fusion protein in 50 mmol/L
of HEPES (pH 8.2), and 150 mmol/L of NaCl overnight at
4°C. Nonspecific binding was blocked with 2 mg/mL of BSA,
25 mmol/L of Tris (pH 7.5), and 150 mmol/L of NaCl for
2 hours at room temperature. Wells were washed thrice with
assay buffer [2 mg/mL BSA and 10 mmol/L HEPES (pH 7.2)
in RPMI]. The competitive binding reaction with a dilution
series of nonlabeled competitor antibodies and constant
'25_trastuzumab was carried out for 2 hours at room temper-
ature, The "“*I-trastuzumab bound to HER-2 was then de-
tected by a gamma counter and the data were analyzed
using the nonlinear regression method of Munson and
Rodbard (25). All measurements were done in quadruplicate.

Analysis of PI3K/AKT pathway activation

Cells were rinsed with PBS and lysed with nondenaturing
lysis buffer including 1% Triton (Cell Signaling Technology).
Lysates were cleared of insoluble material by centrifugation.
AKT phosphorylation was detected by ELISA detecting phos-
phorylated Ser*”® (Cell Signaling Technology).
Cell proliferation

Proliferation/viability of cells was detected using CellTiter-
Glo Luminescent Cell Viability Assay (Promega). For the
assay, 5 x 10° cells were plated on 96-well plates and in-
cubated overnight for cell attachment before 6 days of
treatment with the antibodies. All measurements were
done in triplicate.

Mice

RagZ_/ ~ (BALB/c; Taconic) mice were crossbred to FcyRI/
IIr’~ (CD64/CD16 double KO, BALB/c, kindly provided by
S. Verbeek; refs. 26, 27), resulting in FC'yRI/III/RagZ‘/ ~ mice,
which were then crossbred to human FcyRIlla transgenic
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Table 1. Oligosaccharide profile of afucosy- '
lated trastuzumab
Glycan structure Total AB (%) r
Trastuzumab Afucosylated |
::-u 5 |
|
-:.-: 2 '
oo 8.5 87 |
2oeed 43 |
sgoven 8 13
o@:.-: 28
pe—— 1] 3
|
t5eed 25 |
Total 100 100
Fucosylated 76 0
NOTE: 4, fucose (Fuc); . galactose (Gal); @, Mannose
(Man); [} N-acetylglucosamine (GIcNAc). ‘

mice (Bl-6, kindly provided by J. Ravetch; ref. 28) to obtain
FeyRI™FcyRIT"RAG2™ Tg (human FcyRIlla) mice. The
human transgene is the low-affinity FcyRIlla-F158 allele
(Supplementary Fig. 52B). Severe combined immuno-

deficiency (SCID)-beige mice were obtained from Charles
River Labs.

Pharmacokinetic studies

Pharmacokinetic studies were performed as previously
described (29). In short, a single i.v. 10 mg/kg dose of
trastuzumab or afucosylated trastuzumab was injected to
FeyRI™FeyRIT"RAGZ™ Tg (human FcyRIlla) mice. Serum
samples (n = 4/time point) were collected by retro-orbital
bleed or cardiac stick after administration of the antibodies
(time points: 3 minutes, 1 and 5 hours, and 1, 3, 7, 14, and
28 days). Samples were assayed for trastuzumab by HER2
binding ELISA (29), in which a HER2 extracellular domain coat-
ed to a microtiter plate was used to capture the humanized
anti-HER2 antibodies in circulation. Time concentration data
were analyzed using compartmental pharmacokinetic analysis
(Model 8, WinNonlin-Pro v3.2; Pharsight Corporation).

In vivo drug efficacy

To address the requirement of FcyR interaction in the
trastuzumab response using T-D265A, SCID-beige mice
(Charles River Labs) were used. For afucosylated trastu-
zumab efficacy studies, FeyRI FeyRIT'"RAGZ™ Tg (human
FcyRlIlla) mice were used. Mice xenografted with MCF7-neo/
HER2 cells were supplemented with subcutaneous estrogen
pellets (0.36 mg, 60-day release; Innovative Research of
America) 3 days prior to cell inoculation. Five million
MCF7-neo/HER2 cells or 3 million KPL-4 cells were injected
into the mammary fat pad in a 1:1 HBSS-matrigel suspen-
sion (BD Matrigel, BD Biosystems). When tumor volumes
reached 100 to 300 mm® mice were randomly grouped into
treatment cohorts. Dosing is described in the figure legends.
Tumor volumes were calculated using the formula: (mm?®) =
(L x W2 x 0.5.

Table 2. Binding of afucosylated trastuzumab to human and mouse FcyR
Relative affinity to mouse FcyR
I [] 1] \')
Mid-OD* Fold? Mid-OD* Fold' Mid-OD* Fold' Mid-OD* Fold®
Trastuzumab 197.0 1 4,435 6,045 1 138 1
Afucosylated 231.0 0.9 3,690 6,403 0.9 71 1.9
Relative affinity to human FcyR
I Ila b llla-F158 llla-v158
Mid-OD* Fold® Mid-OD* Fold’ Mid-OD* Fold' Mid-OD* Fold® Mid-OD* Fold®

Trastuzumab 12.7 1 1,783 1 5,851 1 2,156 1 263 1
Afucosylated 9.2 1.4 1,639 1.1 3,963 15 74 29.2 40 6.5
*In ng/mL.
TFold = mid-OD trastuzumab/mid-OD afucosylated.
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Results Afucosylated trastuzumab showed increased in vitro
ADCC. The ability to mediate ADCC improved 1.9- to 7.2-fold
Afucosylated trastuzumab has increased affinity to (ECsq; 2 = 5) when F/F effectors were used and 2.1- to 7.7-fold
human FeyRIIa which results in enhanced ADCC (n = 5) when V/V donors were used (Fig. 1A; data not shown).
We produced 100% fucose-free (afucosylated trastuzumab) A representative experiment using F/F effector cells is pre-
trastuzumab in FUT8”~ CHO cells (30). The FUTS gene en- sented in Fig. 1A. ADCC activity increase was statistically sig-
codes 1,6-fucosyltransferase, which catalyzes the transfer of nificant in 0.01 to 0.1 ng/mL antibody doses (Fig. 14; ¢ test).
fucose from GDP-fucose to N-acetylglucosamine. The oli- Despite the effector cell donor-dependent variability, the
gosaccharide profile of the antibodies was determined by ECso was consistently lower for afucosylated trastuzumab
matrix-assisted laser desorption/ionization time-of-flight in each assay. ADCC activity of PBMCs was mediated by
analysis, which confirmed the lack of fucose (Table 1). The NK cells (Fig. 1A). When purified NK cells from F/F donors
relative affinity of afucosylated trastuzumab was analyzed were used as effector cells, an 11.3-fold enhancement in
by FcyR binding ELISA. Binding to FcyRIIla-F158 and ADCC was observed for afucosylated trastuzumab (Fig. 1A).
FcyRlIla-V158 increased by 29-fold and 6.5-fold, respectively Afucosylated trastuzumab did not mediate ADCC of MCF-
(Table 2). Binding to human FeyRl, FeyRlla, and FeyRIlb 10A cells which express low/normal levels of HER2 even at
was not markedly altered, indicating that afucosylated high antibody concentrations and using V/V effectors cells
trastuzumab has selective enhanced affinity for FcyRIII (Supplementary Fig. S1A). Together, these results show that
(Table 2). Similarly, binding to mouse FcyRI, FcyRlIl, or afucosylated trastuzumab has increased affinity for human
FcyRIII was not increased and only a minor increase was FeyRIlla, which results in enhanced ADCC.
detected in relative affinity to FcyRIV (Table 2). The
increases in binding affinity to mFcyRIV and huFcyRIlla- Afucosylated trastuzumab retains FeyR-independent
V158 were similar (3.3- and 6.2-fold decreased Kj,, respec- functions of trastuzumab
tively; data not shown) when binding was measured using In addition to the ability to mediate ADCC, trastuzumab
surface plasmon resonance-based technology (Biacore). has a direct effect on tumor cell signaling which causes cell
A In vitro ADCC
40 -
= ] PBMC 80 2" | ] NK cells
< 30 r
£ 60 ¥ i & Trastuzumab
i / —o- Afucosylated
% 20 40 /
g /
3
£.10 201 /
" MR : e
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Figure 1. In vitro characterization of afucosylated trastuzumab. A, increased affinity to human FcyRllla results in enhanced ADCC. The ability of trastuzumab
(black symbols) and afucosylated trastuzumab (red symbols) to mediate in vitro ADCC by FcyRllla-F158 homozygous PBMCs (left), NK cells or NK
cell-depleted PBMCs (right) was measured using assay detecting LDH released from lysed cells. HER2-amplified BT474-M1 cells were used as target cells
in a 25:1 effector/target ratio (10:1 when NK cells were used as effectors). B to D, removal of fucose does not affect FcyR-independent properties of
trastuzumab. B, binding to recombinant extracellular domain of human HER2 was determined by competition binding of '2°I-trastuzumab with nonlabeled
trastuzumab or afucosylated trastuzumab. C, HER2-amplified SKBR-3 cells were treated for 1 h with antibodies (10 pg/mL) or Wortmannin (1 pmol/L).
AKT phosphorylation was measured by ELISA detecting phosphorylated Ser*™. Statistical significance between groups was determined using
Dunnett's test. D, proliferation of SKBR-3 cells was analyzed after 6 days of treatment with trastuzumab or afucosylated trastuzumab using
CeliTiter-Glo Luminescent Cell Viability Assay.
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cycle arrest and inhibition of proliferation. To confirm that
carbohydrate modification does not affect HER2 binding,
we competed the binding of radioiodinated trastuzumab to
HER2 ECD by adding increasing concentrations of noniodi-
nated antibody (trastuzumab or afucosylated trastuzumab)
in the reaction (Fig. 1B). The calculated affinities of antibodies
were similar for trastuzumab and afucosylated trastuzumab
(K, 0.13 £ 0.04 and 0.12 + 0.03 nmol/L, respectively), indicat-
ing that lack of fucose does not affect HER2 binding.

To explore the antisignaling properties, SKBR-3 cells were
treated with trastuzumab or the afucosylated variant.
Treatment with 10 ug/mL of trastuzumab or afucosylated tras-
tuzumab caused a 69% to 66% reduction in pAKT after 60 min-
utes of treatment (Fig. 1C). No difference was detected in the
effects of afucosylated and conventional trastuzumab treat-
ment (P = 0.99; Dunnetts’). SKBR-3 proliferation was measured
after 6 days of treatment. Both antibodies caused approximate-
ly 50% maximal reduction in proliferation (Fig, 1D). The ECy,
values were 52 + 8 and 61 + 9 ng/mL for trastuzumab and afu-
cosylated trastuzumab, respectively. Together, these results
confirm that the lack of fucose does not affect the FcyR-
independent functions of trastuzumab. These functions include
HER2 binding, the immediate inhibition of the PI3K pathway,
and sustained inhibition of tumor cell proliferation.

Pharmacokinetic properties of afucosylated
trastuzumab

Removal of fucose does not affect IgG binding to FcRn
(23). However, carbohydrate composition or increased FcyR
affinity might have an effect on target-independent clearance
or drug disposition of the antibody (31). To address this
question, we performed pharmacokinetic analysis of afuco-
sylated trastuzumab. For this purpose, the systemic disposi-
tion of trastuzumab and afucosylated trastuzumab was
evaluated in FcyRI” FcyRIT'"RAG2Z”"Tg (human FcyRllla)
mice following a single i.v. dose (10 mg/kg). Serum samples
(n = 4/time point) were analyzed for anti-HER2 antibodies
3 minutes to 28 days after administration of the antibodies.
Both molecules displayed biphasic systemic disposition, with
a rapid initial phase and a prolonged terminal phase (Fig. 2).
Afucosylated trastuzumab displayed increased clearance
(9.0 versus 6.8 mL/d/kg), decreased termma]nir-f"_f
versus 13 1 ddys} and decreased A.UC‘, int (1 118 versus

‘groups dasplayed a central volume uf d:stnbutlon valuep
(V) that a}:lproxtmalcd mouse plasma volume. Taken togeth-
er, these results show thif afiicosylated tras{u:umah exhib-
ited moderately altered pharmacokinetic. dispﬂs:tmnb
compared with trastuzumab, slightly faster elimination from

PRI IRE

the mrculatlon, a.nd" a modest” reductlon in “Halt'] hfe

= W apion v

FcyR interaction is required for trastuzumab
response in the treatment of established
KPL-4 tumor xenografts

The KPL-4 breast cancer cell line harbors HER2 amplifica-
tion (21) but does not respond to trastuzumab in vitro in a
proliferation assay (5). A “hotspot” PIK3CA mutation
(H1047R) generates constitutive PI3K/AKT signals and is

Pharmacokinetics
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Figure 2. Pharmacokinetic profile of afucosylated trastuzumab.

A single i.v. 10 mg/kg dose of trastuzumab {black symbols) or
afucosylated trastuzumab (red symbols) was injected to
FcyRI7~FcyRIIY-RAG2~~Tg (human FcyRllla) mice. Serum samples
were assayed for trastuzumab by ELISA.

the likely cause for the trastuzumab insensitivity. However,
KPL-4 cells are sensitive to the FcyR-mediated trastuzumab
activity similar to BT474-M1 (Supplementary Fig. SIB).
Despite the inability of trastuzumab to inhibit KPL-4 cell
proliferation, KPL-4 tumor xenografts respond to tras-
tuzumab when treated with three weekly 15 mg/kg doses
(Fig. 3A, left). To confirm that the in vivo response is de-
pendent on FcyR interaction, we also treated mice with
the D265A mutant of trastuzumab (T-D265A). The single
alanine substitution impairs binding of trastuzumab in all
human and mouse FcyR (13). Treatment of mice with
T-D265A resulted in almost complete loss of response
(Fig. 3A, left), confirming that trastuzumab response in the
treatment of KPL-4 tumors were due to the FcyR-dependent
effects of trastuzumab.

Increased in vivo efficacy of afucosylated trastuzumab

To assess the efficacy of afucosylated trastuzumab in vivo,
we treated established KPL-4 xenografts grown in the
mammary fat pads of SCID-beige mice with three weekly
10 mg/kg doses of trastuzumab or afucosylated trastuzumab.
Although both trastuzumab and afucosylated trastuzumab
inhibited the tumor growth (£ < 0.001 and P = 0.003, respec-
tively; log rank test), no difference was seen between the anti-
bodies (P = 0.48; log rank test), indicating that the modest
increase in binding affinity to FecyRIV was not sufficient to
result in increased efficacy (Fig. 34, right).

To further evaluate the activity of the afucosylated tras-
tuzumab variant, we generated FcyRI FcyRIII"RAG2™ “1g
(human FcyRIIla) mice that lack murine FcyRI (27) and
FcyRIII (26) and express the human FeyRIIla transgene
(28). The transgene expression is controlled by the human
FeyRllla promoter and is expressed in NK cells and ma-
crophages (28). Expression of the transgene in mice was
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Figure 3. Superior in vivo efficacy of afucosylated trastuzumab compared with trastuzumab. A, FcyR interaction is required for trastuzumab response in the

treatment of KPL-4 tumor xenografts (left). Established KPL-4 tumor xenografts in SCID-beige mice were treated with vehicle (biue), trastuzumab

(black), or a trastuzumab variant incapabie of FcyR binding (T-D265A; magenta). Intraperitoneal 15 mg/kg, 1x/wk x 3 dosing was started at day 0. A loading

dose of 30 mg/kg was administered on the first injection (n = 8). Efficacy of afucosylated trastuzumab in SCID-beige mice: pre-established KPL-4

tumors were treated with vehicle (blue), trastuzumab (black), or afucosylated trastuzumab (red). Intraperitoneal 10 mg/kg, 1x/wk x 3 dosing was started at

day 0 (right). A loading dose of 20 mg/kg was administered on the first injection (7 = 10). Time to progression: tumor V = 2 x V on day 0. B, KPL-4
tumor xenograft bearing chﬁl"‘FcyRIII‘/ “RAG27"Tg (human FcyRllla) mice were treated with vehicle (blue), trastuzumab (black), or afucosylated
trastuzumab (red). A single 1 mg/kg (dotted lines) or 3 mg/kg {solid lines) dose was administered i.v. at day 0 {n = 9; left). Progression-free survival for
FeyRI™"FcyRIIM~RAG2™~Tg (human FcyRllla) mice bearing KPL-4 tumors treated with vehicle (blue), trastuzumab (3 mg/kg, black), or afucosylated
trastuzumab (3 mg/kg, red; n = 9). Dose was administered i.v. at day O (right}. Time to progression: tumor V = 2 x V on day Q. Statistical significance

was determined using log rank test. C, KPL-4 tumor xenograft bearing FcyRI™~FeyRIll”-RAG2™~ mice were treated with vehicle (blue), trastuzumab (black),

or afucosylated trastuzumab (red). Intravenous 3 mg/kg, 1x/wk x 3 dosing was started at day 0 (» = 10). Time to progression: tumor V = 2 x V on

day 0. D, MCF7-neo/HER2 tumor xenograft bearing FcVF?I"’FcVRIII’/’RAGZ’/’Tg (human FcyRIlla) mice were treated with control AB (blue), trastuzumab

(black), or afucosylated trastuzumab {red). Intravenous 10 mg/kg, 1x/wk x 3 dosing was started at day 0. A loading dose of 20 mg/kg was administered
on the first injection. CR, complete response (no detectable tumor); PR, partial response {tumor volume reduced <50% of day 0; n = 10).
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confirmed by quantitative reverse transcription-PCR of sple-
nocyte mRNA (Supplementary Fig. $2A). Analysis of genomic
DNA showed that the transgene is the low-affinity FcyRlIlIla-
F158 allele (Supplementary Fig. $2B).

For the efficacy studies, KPL-4 xenografts were grown in
the mammary fat pads of FcyRI FcyRIIT/"RAG2™"Tg
(human FcyRIlla) mice until the tumor size reached an
average of 125 mm?®. At this point (day 0), mice were randomly
grouped for treatment regimens (n = 9) and treated with
single 1 or 3 mg/kg i.v. doses of trastuzumab, afucosylated
trastuzumab, or vehicle. Afucosylated trastuzumab inhibited
the growth of KPL-4 tumors more effectively than trastuzu-
mab (Fig. 3B, left). Treatment with 3 mg/kg of trastuzumab
caused a significant delay in tumor progression (P = 0.003;
log rank test; Fig. 3B, right) and the efficacy of afucosylated
trastuzumab was significantly improved compared with tras-
tuzumab (P = 0.010; Fig. 3B, right). The median progression-free
survival more than doubled for mice treated with afucosy-
lated trastuzumab, compared with treatment with trastuzu-
mab (48 versus 23.4 days, respectively; Fig. 3B, right).

We performed similar experiments using FeyRI™ " FcyRIIT~
RAG2™"~ mice without the human transgene. The KPL-4
tumors were treated with three weekly 3 mg/kg i.v. doses of
the antibodies. No significant difference was observed in the
response to the antibodies, demonstrating that the increase
in the efficacy detected for afucosylated trastuzumab was me-
diated by the human FcyRIIla transgene (Fig. 3C).

To ensure that the observed increase in efficacy was not model-
dependent, the study was repeated using established MCF7-
neo/HER2 xenografts grown in FcyRI™FeyRIT"RAG2"Tg
(human FcyRIlla) mice. Similar to KPL-4, these cells overex-
press HER2 but do not respond to trastuzumab in vitro in a
proliferation assay. Again, afucosylated trastuzumab was
more potent than trastuzumab in treating MCF7-neo/
HER2 tumors, causing four complete responses and five par-
tial responses (Fig. 3D). In contrast, no complete responses
and only one partial response was detected in trastuzu-
mab-treated mice. Taken together, these results show that
the in vivo efficacy of afucosylated trastuzumab is superior
to trastuzumab in treating two preclinical models of HER2-
amplified breast cancer.

Discussion

It has been hypothesized that ADCC is a general mecha-
nism of action for many therapeutic antibodies (32). How-
ever, it remains unclear whether ADCC or the engagement
of Fcy receptors significantly contribute to trastuzumab's
antitumor effects in patients with breast cancer. After the ini-
tial in vitro findings, Ravetch and colleagues showed the in vivo
importance of FcyR-mediated activity of trastuzumab (13).
Notably, these studies did not address the role of FcyR
interaction in models with established tumors. Instead,
treatments were simultaneous with cell inoculation and thus
the results might portray the role of effector cell functions on
tumor implantation rather than its effect on solid tumor mass.
Our findings confirm the results of Clynes and colleagues and
extend them to the treatment of pre-established solid tumors.

The ability to increase in vitro ADCC by antibody engineer-
ing is widely established (33, 34). However, to our knowledge,
it has not been previously shown that the increase in anti-
body-FcyR interaction leads to increased in vivo efficacy in
the treatment of established nonhematologic tumors. To
directly address this question, we generated afucosylated
trastuzumab. The approach was selected primarily because
the affinity increase is significant and selective for FcyRIIL
Moreover, the variant can be readily produced and is
completely devoid of fucose. Fucose in the oligosaccharide
(at Asn®®) of IgG, hinders the interaction between carbohy-
drate of FcyRllla (at Asn'®) and regions of IgG, (35). Afuco-
sylation results in increased affinity of the FcyR-IgG,
interaction. The higher affinity observed by afucosylation is
selective for human FeyRIIla and FeyRIIb because the other
human FcyRs are not glycosylated at the corresponding po-
sition (35). Therefore, removing the fucose residue results in
increased affinity selectively for FcyRIII but not for other
FeyR, FcRa, or Clq (23).

We produced afucosylated trastuzumab in FUTS™~ CHO
cells (30). One alternative technology to produce afucosy-
lated antibodies in CHO cells is to overexpress GnTIIl and
Manll (35). Interestingly, the clearance of afucosylated tras-
tuzumab was slightly faster than the clearance of trastuzu-
mab in the transgenic mouse model. Hypothetically, the
faster clearance might be a result of differential biodistribu-
tion leading to the enrichment of antibodies to immune ef-
fector cell-rich organs due to increased FcyRIII affinity.
Using a mouse model that expresses a human FcyRIlla
transgene in effector cells, we were able to successfully show
that an increase in affinity to FcyRIII results in improved ef-
ficacy when treating solid tumors. As with any preclinical
finding, confirmation of these results will require validation
in human clinical trials.

The superior efficacy of afucosylated trastuzumab is not
explained by an increase in antibody exposure. However, a
plausible mechanism for more effective tumor growth inhibi-
tion may be due to the observation that afucosylated antibo-
dies could escape the inhibitory effect of serum IgG. Reports
by lida and colleagues show that serum IgG markedly inhi-
bits the efficacy of rituximab to deplete B cells (36). This in-
hibition has been attributed to the ability of IgG to compete
for FeyRII binding. However, due to its higher affinity for
FcyRIIL afucosylated IgG might escape the inhibitory effect
of serum IgG (36-38).

The differential expression of HER2 in tumors relative to
normal tissue is thought to account for Herceptin's favorable
safety profile. The activity of trastuzumab in ADCC assays is
also specific for only high HER2-expressing target cells (11). To
maintain this safety profile, it is critical that any increase in
ADCC activity does not result in the cytotoxicity of cells that
express normal levels of HER2. Previous reports suggest that
low-fucose IgG;s could mediate ADCC at low antigen densities
at which their corresponding high-fucose counterparts do not
induce ADCC (39). However, our ADCC analysis using MCF-
10A cells (commonly used as a model for nontransformed
low HER2-expressing mammary epithelial cells) failed to de-
tect any significant ADCC using afucosylated trastuzumab.
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Because trastuzumab does not bind to murine ErbB2 (HER2),
the mouse model used in efficacy studies is not suitable
for safety studies. However, more detailed safety studies in
non-human primates are required. In conclusion, our results
support the development of effector function-enhanced anti-
bodies for solid tumor therapy.
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Keratinocyte growth factor receptor expression
in normal colorectal epithelial cells and
differentiated type of colorectal cancer
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Abstract. The keratinocyte growth factor receptor, also
known as KGFR/FGFR2 IIIb, is mainly localized in epithelial
cells and participates in the proliferation of these cells. In the
present study, we attempted to clarify the expression and role
of KGFR in human colorectal cancer. The KGFR protein was
detected in several colorectal cancer cell lines. Immuno-
histochemically, KGFR was expressed on the luminal surface
of epithelial cells in normal colorectal tissues. KGFR was
expressed in 35 of 56 (62.5%) colorectal cancer patients and
localized at the center of the cancer nests. Cytokeratin 20
(CK 20) colocalized with KGFR. In contrast, Ki-67 localized
at the periphery of the cancer nests. Clinicopathologically, a
high level of KGFR expression was associated with well-
differentiated histological type (p<0.0001) and shallow wall
invasion (p<0.0174). These findings indicate that KGFR
may play important roles in the differentiation of normal
colorectal epithelial cells and establishment of the well-
differentiated histological type of colorectal cancer cells.

Introduction

A high percentage of patients with colorectal cancer over-
express a number of growth factor receptors, including the
hepatocyte growth factor receptor (¢c-Met), insulin-like
growth factor receptor I (IGF-IR), epidermal growth factor

receptor (EGFR) and Tie-2 receptor (1-4). The expression of

EGFR. which is a receptor of various ligands such as epidermal
growth factor (EGF), transforming growth factor (TGF)-«,
and heparin-binding epidermal growth factor (HB-EGF,
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Japan
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heregulin and B-cellulin), was reported as an independent
predictor ol decreased survival of rectal cancer patients (3).
A high level of serum soluble Tie-2 in colorectal cancer
patients is associated with early metastases (4). The inhibition
or down-regulation of these growth factor receptors is
considered a novel therapeutic strategy for colorectal
cancer. It was reported that the down-regulation of c-Met
inhibits colorectal cancer cell growth in liver tissues (1).
Cyclooxygenase (COX)-2 inhibitors and/or angiotensin-
converting enzyme (ACE) inhibitors suppress colorectal
cancer cell growth and invasion via an IGF-IR-dependent
pathway (2).

The keratinocyte growth factor receptor (KGFR), also
known as fibroblast growth factor receptor (FGFR) 2 II1b, is
a member of the FGFR family. The FGF family includes at
least 22 members. which range in molecular mass from 17 to
34 kDa and share a 13-71% amino acid identity (5). Biological
activities of the FGFs are mediated by a family of type 1
transmembrane tyrosine kinase receptors that undergo
dimerization and autophosphorylation after ligand binding.
Four distinct genes encode closely related FGF receptors,
FGFR 1-4. KGFR is the product of an alternative splice
variant of the Fgfir2 gene (6). KGFR is specifically localized
in epithelial cells, and cell growth is induced by FGF-1,
FGF-3, the keratinocyte growth factor (KGF/FGF-7) or
FGF-10 (7). Mice null for the Fgfi2 I1Ib isoform, but retaining
Fgfr2 Ille, show the dysgeneses of the kidneys, salivary
glands, adrenal glands, thymus. pancreas, skin, otic vesicles,
glandular stomach and hair lollicles, and an agenesis of
the lungs, anterior pituitary. thyroid, teeth and limbs (8-10).
KGFR is expressed in epithelial cells throughout the gastro-
intestinal tract, and an intraperitoneal injection of KGF
enhances normal intestinal epithelial cell growth (11).
Regarding cancerous tissues. KGFR expression was reported
in pancreatic cancer and colorectal cancer cells (12,13).
Pancreatic cancer cell line growth is stimulated by recombinant
KGF administration (14). Furthermore, a dose-dependent cell
growth stimulated by KGF was observed in well-differentiated
colorectal cancer cell lines (15). These lines of evidence
suggest that KGFR plays an important role in epithelial cell
growth including cancer cells.
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Table 1. Clinicopathological findings and expression of
KGFR.

Characteristics KGFR (+) KGFR (-) p-value
Gender NS®
Female 16 5
Male 19 16
Age NSP
<60 13 9
61-70 14 9
71-80 6 3
281 2 0
Histological type 0.0001#
Well 29 2
Moderately 6 17
Poorly 0 2
Macroscopic finding NS*
Type | o I
Type 2 26 18
Type 3 5
Depth 0.0174"
MP 4 0
SS 28 15
SE 3 6
Lymphatic invasion NSP
I 16 7
2 19 10
3 0 4
Venous invasion NSP
0 31 15
1 4 6
Regional lymph node NSP
melastasis
0 16 8
| 9 6
2 7 4
3 0 1
4 3 2

NS. not significant. *¢* test: "Mann-Whitney U test.

On the other hand, KGF fails to effectively stimulate colo-
rectal cancer cell line growth established from undifferentiated
cancer or [rom a metastatic nodule (12). FGF-10 does not
enhance the growth of several cancer cell lines, including
colorectal cancer cell lines (16). In the fetal lungs, dominant
negative KGFR blocks airway branching and epithelial cell
differentiation. without inhibiting tracheal outgrowth (17). A
stable transfectant of the Kgfr gene of salivary adenocarcinoma
cells induces cancer cell differentiation and apoptosis (18).
All these lines of evidence suggest that KGFR may have
roles other than cell growth. The roles of KGFR in colorectal

YOSHINO et al: KGFR IN COLORECTAL CANCER

KGFR

beta actin

Figure 1. Western blot analysis of KGFR protein in colorectal cancer cell
lines. The 105 kDa bands. corresponding to the KGFR protein, were detected
in HCT-15. WiDr, COLO 205, SW480 and DLD-1 colorectal cancer cells
(upper panel). The B-actin protein with molecular weight of 42 kDa was
cqually detected (lower panel).

epithelial cells and colorectal cancer cells are not well
clarified. In the present study, we attempted to examine the
expression and roles of the KGFR protein in normal colorectal
tissues and colorectal cancer cells.

Materials and methods

Materials. The following were purchased: anti-rabbit IgG-
HRP secondary antibody from Santa Cruz Biotech. (Santa
Cruz, CA, USA): Antibiotic-Antimycotic from Invitrogen
Corp. (Carlsbad, CA, USA); mouse anti-human cytokeratin 20
(CK 20) monoclonal antibody and mouse anti-human Ki-67
monoclonal antibody Irom Dako Japan Co., Lid., (Tokyo,
Japan); Histofine Simple Stain Max PO (R) and (M) kits
from Nichirei (Tokyo. Japan); an Immobilon PVDF membrane
from Millipore (Yonezawa, Japan); M-PER Mammalian
Protein Extraction reagent, a BCA protein assay kit and
Super Signal West Pico Chemiluminescent substrates [rom
Pierce (Rockflord, IL, USA); superfrosted slides with a MAS
coat from Matsunami Glass Ind.. Ltd.. (Osaka, Japan); and a
malinol mounting medium from Mutoh Chemical Co. (Tokyo,
JTapan). All other chemicals and reagents were purchased
from Sigma (St. Louis, MO, USA).

Human colorecral cancer cell lines. HCT-15, WiDr, COLO
205, SW480 and DLD-1 ccll lines were obtained from the
Cell Resource Center for Biomedical Research, Institute of
Development. Aging and Cancer, Tohoku University (Sendai,
Japan). Cells were grown in RPMI-1640 medium containing
10% heat-inactivated fetal bovine serum (FBS), 100 U/ml
penicillin, 100 pg/m! streptomyein and 0.25 pg/ml ampho-
tericin B at 37°C under a humidified 5% CO, atmosphere.

Human colorectal cancer tissues. Colorectal carcinoma
tissue samples were obtained from 21 female and 35 male
patients during proctocolectomy for colorectal cancer at the
Institute of Gastroenterology. Second Hospital of Nippon
Medical School (Table I). The mean age of the cancer patients
was 63.4 years, with a range ol 36 to 87 years. According to
Dukes classification, there were 3 patients with Duke's A, 21
with Dukes B and 32 with Dukes C colorectal cancers.
Histologically, there were 31 well-differentiated, 23
moderately-dilferentiated and 2 poorly-differentiated adeno-
carcinomas. Normal colorectal tissue samples were also
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Figure 2. Immunohistochemical analyses of KGFR. cytokeratin 20 (CK 20)
and Ki-67 in non-cancerous colorectal tissues. (A) KGFR weak immuno-
reactivity was detected on the luminal surface of epithelial cells (arrows).
(B) CK 20 was localized on the luminal surface of epithelial cells (arrows).
(C) In contrast, Ki-67 was expressed in the nucleus of basal and parabasal
epithelial cells (arrowheads). (A-C) Original magnification, x200.

Figure 3. lmmunohistochemical analyses of KGFR, CK 20 and Ki-67 in human colorectal tissues forming large crypts close to cancer cells. (A and B) KGFR
immunoreactivity was observed on the luminal surface of epithelial cells in large crypts (small arrows). (C) CK 20 was localized on the luminal surface of
epithelial cells of large crypts (arrows). (D) Ki-67 was localized in the nucleus of basal and parabasal ductal cells (arrowheads). The large arrow in (A)
denotes the area magnified in (B). (A, C and D) Original magnification. x100; and (B) x200.

obtained from the surgical margin at least 10 cm away from
each cancerous growth of the same patient. The tissues were
fixed in 10% paraformaldehyde solution (PFA) for 18-20 h
and then embedded in paraffin. All studies were approved by
the Human Ethics Committee of the Second Hospital of
Nippon Medical School.

Western blot analysis. The anti-KGFR antibody used was an
affinity-purified rabbit polyclonal antibody raised against a
peptide corresponding to amino acids of the human KGFR
protein as previously reported (Accession no. Q96KL9) (18).
The proteins from colorectal cancer cell lines were subjected

to sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE). and the separated proteins were transferred
to Immobilon PVDF transfer membranes, which were
then incubated for 16 h with the anti-KGFR antibody. The
membranes were scquentially washed and incubated with
secondary HRP-conjugated anti-rabbit IgG antibody for
60 min. Alter washing, the blots were visualized by enhanced
chemiluminescence. To confirm specificity of the positive
band. the anti-KGFR antibody was preincubated with a
blocking peptide of KGFR prior to Western blot analysis, and
then subjected to Western blot analysis following the same
protocol, as described above.
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Immunohistochemistry. The same anti-KGFR antibody used
for Western blot analysis, and anti-Ki-67 and anti-CK 20
antibodies were utilized for immunohistochemistry. Paraffin-
embedded sections (3 tm) were subjected to immunostaining
using a Histofine Simple Stain Max PO (R) kit for KGFR,
and a MAX PO (M) kit for Ki-67 and CK 20. After
deparaffinization, the tissue sections for Ki-67 and CK 20
were preheated in 10 mmol/l citrate buffer (pH 6.0) for
15 min at 121°C in an autoclave oven. Then, the endogenous
peroxidase activity was blocked by incubation in 0.3%
hydrogen peroxide in methanol for 30 min. The tissue sections
were incubated with the anti-KGFR (1:2000 in dilution),
-Ki-67 (1:100 in dilution) or -CK 20 (1:100 in dilution)
antibody in phosphate-buffered saline (PBS) containing
1% bovine serum albumin (BSA) for 16 h at 4°C. The bound
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Figure 4. Immunohistochemical analyses of KGFR. CK 20 and Ki-67 in
well-differentiated human colorectal cancer tissues. (A) KGFR immuno-
reactivity was localized in cancer cells at the center of cancer cell nests
(arrows). (B) CK 20 was localized in cancer cells at the center of cancer
cell nests (arrows). (C) Ki-67 was expressed in the nucleus of cancer
cells at the periphery of cancer cell nests (arrowheads). (A-C) Original
magnification, x200.

Figure 5. Immunohistochemical analyses of KGFR, CK 20 and Ki-67 in
poorly-dilferentiated human colorectal cancer tissues. (A) KGFR immuno-
reactivity was not observed in the poorly-differentiated adenocarcinoma,
showing alveolar structure (arrows). (B) CK 20 was not localized in cancer
cells (arrows). (C) Ki-67 was expressed in most of the nuclei of cancer cells
(arrowheads). (A-C) Original magnification, x200.

antibodies were detected with the Simple Stain Max PO (R)
or (M) reagent using diaminobenzidine tetrahydrochloride as
the substrate. The sections were counterstained with Mayer's
hematoxylin,

Statistical analvsis. To analyze the correlation between
KGFR expression and clinicopathological features, the 3 test
or Mann-Whitney U test was used. A value of p<0.05 was
considered statistically significant.

Results
Western blot analysis. To characterize KGFR protein

expression in colorectal cancer cell lines, total protein was
extracted from HCT-15. WibDr. COLO 205, SW480 and



ONCOLOGY REPORTS

DLD-1 cells. Western blot analysis of these cell lines using
the anti-KGFR antibody showed a single 105-kDa band
corresponding to the KGFR protein (Fig. I, upper panel). A
42-kDa band corresponding to the B-actin protein was also
detected in all five cancer cell lines (Fig. 1, lower panel).
Western blot analysis using the anti-KGFR antibody with a
blocking peptide of KGFR did not yield the 105-kDa band
(data not shown).

Immunohistochemistry. To confirm the localization of the
KGEFR protein in human colorectal cancer tissues, immuno-
histochemical staining was performed. In non-cancerous
colorectal tissues, a weak KGFR immunoreactivity was
detected in the cell membrane and cytoplasm of the luminal
surface of epithelial cells (Fig. 2A, arrows). CK 20 localized
on the luminal surface of epithelial cells similar to KGFR in
serial sections (Fig. 2B, arrows). In the serial sections, Ki-67
immunoreactivity was detected in the nuclei of ductal cells in
the basal and parabasal regions (Fig. 2C, arrowheads). In
proliferating large crypts ol colorectal tissues adjacent to
cancer cells, KGFR was highly expressed on the luminal
surface of epithelial cells (Fig. 3A, arrows; and 3B). CK 20
was localized on the luminal surface of epithelial cells of
large crypts similar to KGFR (Fig. 3C, arrows). On the
contrary, Ki-67 was localized in the basal and parabasal
epithelial cells (Fig. 3D, arrowheads). In well-dilferentiated
colorectal cancer tissues, KGFR strongly localized at the
center of the cancer cell nests (Fig. 4A, arrows). CK 20
colocalized with KGFR in cancer cells at the center of the
cancer cell nests (Fig. 4B, arrows). In contrast, Ki-67 was
localized in the nucleus of cancer cells at the periphery of
the cancer cell nests (Fig. 4C. arrowheads). In poorly-
differentiated colorectal cancer tissues, Ki-67 was localized
in the nucleus ol most of cancer cells (Fig. 5C, arrowheads).
In contrast, KGFR and CK 20 immunoreactivities were not
observed in cancer cells (Fig. SA and B, respectively, arrows).
The detailed clinicopathological features of 56 patients are
presented in Table I. KGFR expression was statistically
associated with well dilferentiated histological type (p<0.0001)
and shallow wall invasion (p<0.0174). No other signilicant
association was detected in this study.

Discussion

The KGFR protein, almost identical in molecular weight to
that in human colorectal tissues. was highly expressed in all
five colorectal cancer cell lines (12). The KGFR protein
expression level was higher in DLD-1 and HCT-15 cells than
in other cell lines. These two cell lines are strongly suggested
to genetically originate from the same patient (19,20).
DLD-1 and HCT-15 synthesize carcinoembryonic antigen
(CEA) and the cells are suggested to originate from well-
dilferentiated adenocarcinomas. KGF induces the growth of
well-differentiated colorectal cells, but does not stimulate
undifferentiated cancer cell growth (12,15). An increased
expression level of KGFR in some well-dilferentiated adeno-
carcinomas may be associated with a stimulatory growth
ceffect of ligands on colorectal cancer cells. To our knowledge,
this is the first report of KGFR protein expression in colorectal
cancer cell lines.
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The Ki-67 antigen. a cell proliferation marker, is expressed
in the nuclei of cells during all the active phases of the cell
cycle (G, S, G2 and M phases). and its expression was
examined in colorectal tissues. Interestingly, KGFR was not
localized in prolilerating cells in normal colorectal tissues, but
on the luminal surface ol post-proliferation epithelial cells.
Many types ol growth factor synthesized by colorectal cancer
cells are considered to stimulate the growth of crypts close to
cancer cells. However. KGFR expression was not detected in
proliferating cclls of large proliferating crypts close to cancer
cells. KGFR was highly expressed on the luminal surface
ol post-prolileration epithelial cells of crypts. Colorectal
epithelial cells are considered Lo proliferate in the proliferation
zone at the basal region of glands, and then migrate to the
surface of glands. Alter prolileration, the cells differentiate
to mature ductal cells, which have villi on the luminal
surface and synthesize mucin. KGFR-transfected salivary
adenocarcinoma cells, which overexpress the KGFR protein,
showed a decreased tyrosine-phosphorylation activity of
FGF rcceptor substrate 2, and thus differentiated. KGFR-
transfected adenocarcinoma cells exhibited duct-like and
acinar-like structures. and newly-synthesized a-amylase and
lactoferrin. The growth rate of transfected cancer cells decrease
and many cells undergo apoptosis (18). On the other hand,
recombinant KGF induces the motility of breast cancer
cells, whereas KGFR inhibitors effectively inhibit cancer
cell motility (21.22). The results of our study may provide
new findings that support the notion that KGFR plays roles in
post-proliferation events, such as cell differentiation, cell
motility or apoptosis on the luminal surface of normal
colorectal cells.

KGFR expression in colorectal cancer lissues was detected
in 62.5% ol cancer patients. and KGFR localization in cancer
tissues showed a characteristic pattern. Proliferating cells
localized at the periphery ol the cancer cell nests, however
KGFR was localized at the center of the nests. Immuno-
histochemically, c-Mel was reported to be localized in the
invasive [ront ol colon cancer tissues and its localization
suggests that c-Mct may play a role in the growth of cancer
cells (23). KGFR was nol detected in proliferating cancer
cells, and its localization pattern may indicate that KGFR is
expressed in post-proliferation and differentiated cancer
cells. KGFR-negative cases showed deeper invasion of colon
than KGFR-positive cases. Furthermore. the KGFR expression
level was significantly high in patients with well-differentiated
adenocarcinoma. sugeesting that KGFR is associated with
the formation or maintenance of the duct-like structure,

KGFR-positive cells in normal and cancerous colorectal
tissues colocalized with CK 20. CK 20 is an intermediate
filament-forming cytoskeletal protein, and was reported to be
localized on the luminal surface of epithelial cells in the
stomach and intestines (24.25). CK 20 is expressed in most
colorectal cancer cells, and its expression is one useflul
diagnostic marker ol colorectal cancer (25). CK 20 colocalized
with KGFR in non-proliferating cells in colorectal cancer cell
nests. The Kgfir and Ck 20 genes in the chromosomes are
located in 10g26 and 17q21.2, respectively (26,27). The
promoter regions ol the mouse Kgfir gene are the Spl-binding
sites CCGCCC and GGGCGG. which are present in the EGFR
promoter and platelet-derived growth: lactor (PDGF) a. An
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additional motif, GGAGG. is also present in the promoter of
human epidermal growth factor receptor (HER) 2/neu (28).
However, it is unclear whether the promoter region of the
Ck 20 gene contains consensus sequences similar to that of
the Kgfr gene. The correlation between KGFR and CK 20
protein expressions remains unclarified. Growth factors or
cytokines may contribute to the coexpression of KGFR and
CK 20. Further examination using KGFR or CK 20 inhibition
techniques, such as the use of morpholino antisense oligo-
nucleotides or siRNA in colorectal cancer cells, may be
useful in clarifying the relationship between KGFR and CK 20
expressions.

In summary. KGFR was expressed in colorectal cancer
cell lines, and was detected in differentiated cancer cells at
the center of cancer cell nests. In normal colorectal tissues,
KGFR was expressed on the luminal surface ol epithelial
cells. KGFR colocalized with CK 20, but not with Ki-67 in
normal and colorectal cancer tissues. KGFR may play
important roles in the differentiation of normal colorectal
epithelial cells and the establishment of the well-
differentiated histological type of colorectal cancer cells.
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REIVINDICACIONES

Una composiciéon que comprende una pluralidad de anticuerpos anti-FGFR2IIIb,
donde cada anticuerpo anti-FGFR2IIIb comprende regiones variables de cadena
pesada y cadena ligera, donde la regién variable de cadena pesada comprende:

(i) HVR-H1 que comprende la secuencia de aminoacidos de la SEQ ID NO: 6;
(ii) HVR-H2 que comprende la secuencia de aminoacidos de la SEQ ID NO: 7; y
(iii) HVR-H3 que comprende la secuencia de aminoacidos de la SEQ ID NO: 8;

y la region variable de cadena ligera comprende:

(iv) HVR-L1 que comprende la secuencia de aminodacidos de la SEQ ID NO: 9;
(v) HVR-L2 que comprende la secuencia de aminoacidos de la SEQ ID NO: 10; y
(vi) HVR-L3 que comprende la secuencia de aminoacidos de la SEQ ID NO: 11;

donde al menos 95% de los anticuerpos anti-FGFR2IIIb en la composicion estan
afucosilados.

La composicion de la reivindicacién 1, donde el dominio variable de cadena
pesada comprende la secuencia de aminoacidos de la SEQ ID NO: 4.

La composicién de la reivindicacién 1 o la reivindicacion 2, donde el dominio
variable de cadena ligera comprende la secuencia de aminoacidos de la SEQ ID
NO: 5.

La composicion de la reivindicacién 1, donde el dominio variable de cadena
pesada comprende la secuencia de aminoacidos de la SEQ ID NO: 4 y el dominio
variable de cadena ligera comprende la secuencia de aminoacidos de la SEQ ID
NO: 5.

La composicién de cualquiera de las reivindicaciones 1 a 4, donde la cadena
pesada comprende la secuencia de aminoacidos de la SEQ ID NO: 2.

La composicion de cualquiera de las reivindicaciones 1 a 5, donde la cadena ligera
comprende la secuencia de aminoacidos de la SEQ ID NO: 3.

La composiciéon de la reivindicaciéon 1, donde la cadena pesada comprende la
secuencia de aminoacidos de la SEQ ID NO: 2 y la cadena ligera comprende la
secuencia de aminoacidos de la SEQ ID NO: 3.

La composicion de cualquiera de las reivindicaciones 1 a 7, donde los anticuerpos
son anticuerpos monoclonales.

La composicion de cualquiera de las reivindicaciones 1 a 8, donde los anticuerpos
son anticuerpos quiméricos.
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19.

La composicién de cualquiera de las reivindicaciones 1 a 9, donde los anticuerpos
son anticuerpos humanizados.

La composicion de cualquiera de las reivindicaciones 1 a 10, donde los
anticuerpos carecen de fucosa en Asn297.

La composicion de cualquiera de las reivindicaciones 1 a 11, donde los
anticuerpos comprenden una region constante de cadena ligera k.

La composicion de cualquiera de las reivindicaciones 1 a 12, donde los
anticuerpos comprenden una regiéon constante de cadena pesada IgG1.

Un método para producir anticuerpos anti- FGFR2IIIb afucosilados, dicho método
comprende la preparacién de células huésped que comprenden el acido nucleico
que codifica el anticuerpo anti- FGFR2IIIb de cualquiera de las reivindicaciones 1
a 13, el cultivo de las células huésped en condiciones adecuadas para expresar el
acido nucleico que codifica el anticuerpo anti- FGFR2IIIb, y la recuperacion de los
anticuerpos anti- FGFR2IIIb producidos por las células huésped.

El método de la reivindicacidn 14, en el que el cultivo se realiza en condiciones
adecuadas para la produccién de anticuerpos anti- FGFR2IIIb afucosilados.

El método de cualquiera de las reivindicaciones 14 o 15, donde al menos 95% de
los anticuerpos anti-FGFR2IIIb producido por la célula anfitriona estan
afucosilados.

El método de la reivindicacion 16 donde la fucosa es indetectable en los
anticuerpos anti-FGFR2IIIb producidos por la célula anfitriona.

El método de la reivindicaciéon 16 o 17, en donde la fucosa es detectada por un
método que comprende HPLC, electroforesis capilar, o espectrometria de masas
MALDI-TOF.

Una composicién farmacéutica que comprende la composicién de cualquiera de
las reivindicaciones 1 a 13 y un portador farmacéuticamente aceptable.
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Clinical Study Design Overview (NCT 02318329)

PART 1(3+3 Design) PART 2

_ Study Objectives
Unselected Patients Selected Patients

Ocular-related Toxicity

* In repeat-dose toxicology studies, FPAl44-treated rats and cynomolgus monkeys
displayed a dose-dependent thinning of the corneal epithelium

FGFR2b in Urothelial Bladder Cancer (UBC)

* Inthe dose escalation part 1A, a patient
with bladder cancer (IHC 2+) treated with

Figure 3

: LS y * Based on these findings, comprehensive ophthalmologic exams, including serial slit lamp response and continues on study for 706 oreer  Kidney ureter  Kidney
IHC High ® PK examinations, were included in FPA144-001 clinical trial to monitor for ocular-related toxicities days (Figure 5).
: Gastric (n = 15)
PART 1A: . .
0.3 to 15 mg/kg (n = 19) Objective * 23.4% (15/64) of patients who received FPA144 reported one or more ocular-related « This observation provided the rationale to
6 cohorts solid tumors I e e ® response rate and toxicities (all grade 2 or less) g);ELoerre the use of FPA144 in bladder
Gastric (n = 2) Duration « The most common (2 5%) ocular-related events include dry eye (10 patients 15.6%) and

increased lacrimation (4 patients 6.3%)

* The prevalence of FGFR2b overexpression

* FPA144, an afucosylated, humanized IgG1 monoclonal antibody, selectively binds
the b isoform of FGFR2

* FPAl44 therapy is designed to deliver 2 distinct anti-tumor effects:

* High correlation between FGFR2b protein overexpression (IHC) and FGFR2 gene amplification

(FISH) was also supported by external data (Ahn S., et. al., Mod Pathol. 2016)

Study Population as of Data Cut-off March 20, 2017

Table 1

complete symptomatic resolution.

Best Response in FGFR2b+ (IHC High) Gastric Cancer

Patients

Baseline and on- . : on i : Lymp Lymph Lymph Lymph
. . . . . -~ Nod
PART 1B*: G IHC LOVX treatment « 2 symptomatic cases associated with corneal-related toxicity (Table 3) by IHC in bladd(::)-r canceris 11%in primary e Node Node
3to 10 mg/kg (n = 8) astric (n =7) i tumors and ~14% in metastases
2 conort 9 gt_ @ Diopsies to Cycle 8 Day 15 (Day 213)
cohorts gastric cancer HC N i evaluate Changes Table 3: Cases of Symptomatlc Corneal-related TOXiCity e Based on prevalence and encouraging Ureter Kidney Ureter Kidney
egative i .
Gastric (?1 = 10) 'n.the tumor Study response, we are currently enrolling
microenvironment Ocular-related . _
Day Onset of Dose Action Outcome FGFR2b-selected bladder cancer patients
* 6 subjects in Part 1B AE Event in Part 2:
were FGFR2b+ (IHC High) IHC Positive )
Bladder (n = 4 Moxifloxacin Resolution of event. Patient . . . -
( ) Glradeg K administration and continued treatment with no further 4 patients enrolled to date (on treatment
- S EITS 2CVZE Y 15mglkg FPA144 interruption  ocular complaints. 0.1-10 weeks)
Up to 30 patients/cohort Keratitis S il GlaEe
* Initially, patient selection for PART 2 required both tissue IHC and FISH amplification testing (n = o * Too early to evaluate efficacy
12), but FISH was discontinued after demonstrating high correlation with IHC results (100%, n = Grade 2 Limbic —— | V\gth.'n.t\t"’otmon.ths of last oA _ _ mer e
12 Stem Cell Day 448 10 mg/kg 44 permanéntly  administration, improvement o * FGF7 (aligand that binds to FGFR2b)
)- . discontinued limbic stem cell deficiency and near . .
Deficiency overexpression in bladder cancer

correlates with reduced survival

Conclusions

* FPA144 was well tolerated in doses tested up to 15 mg/kg in patients with advanced

Figure 1 * 5 Partial Responses (4 solid tumors, including patients with gastric cancer

1. FPA144 inhibits ligand binding to FGFR2b and blocks receptor activation and

downstream signaling (Gemo, 2014)
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Characteristics

All Patients
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Cancer*
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Gastric Cancer
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Gastric Cancer
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FGFR2b+ High

confirmed, 1 unconfirmed) in 21
patients. Objective Response

* No hyperphosphatemia reported

_ - . 0 0 0
2. FPA144 is glycoengineered for enhanced antibody-dependent cell-mediated cytotoxicity M=t N =41 N=2l =4 . Rate (ORR): 19.0% (5.4%, 41.9%) * Ocular adverse events were all < Grade 2. No retinal toxicity reported.
ADCC * Median number of prior therapies =
( : ) 58 55 46 57 £ ~3 g g * Confirmed radiographic responses of 19.0% (95% CI; 5.4%, 41.9%) with median
* Isoform specificity of FPA144 may improve tolerability (min, max) (29, 86) (29, 77) (29, 67) (44, 77) E_z I I l I i + Of the 4 confirmed partial duration of response of 15.4 weeks (9.1, 19.1)
. . . . s 0 - ders, ived . — . . .
 FPA144 is a potential therapy for patients whose gastric or bladder cancers Ee;der Male 36 (56.3%) 21 (51.2%) 7 (33.3%) 6 (54.5%) E ] | I [)eesrﬁgpolﬁzrjm%%? another received * FPA144 efficacy data compares similarly with approved targeted agents in late line
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Patients with gastric or gastroesophageal cancer (GE Cancer) for whom FPA144 is a

potential therapy can be identified by 3 methods:
1. Tissue for FGFR2 gene amplification by FISH

2. Tissue for FGFR2b overexpression by IHC

3. Blood for FGFR2 gene amplification by circulating DNA (ctDNA)

. I 4
Flvel?.\rlme@

(min, max)

* Includes both FGFR2b+ and FGFR2b- gastric cancer patients (with 15 patients meeting the criteria of
IHC High, 2 as IHC Moderate, 7 as IHC Low, and 11 as IHC Negative or with an unknown FGFR2b status).
% IHC Negative Gastric Cancer population includes patients with unknown FGFR2b status (n = 2) from Part

1A.

Overall Safety Summary

* No DLTs during dose escalation (MTD

not reached)

Table 2: Most Common Treatment-Related Treatment-
Emergent Adverse Events (Incidence 210%)

All Part 1 and 2 Patients (Combined)

* No grade 4 or higher treatment-related -

AEs

* 16 reported SAEs, five treatment-
related (across 4 patients):

Grade 1/2 Grade 3 Total
1.6

Decreased Appetite

SHLE)

N=64"

32.8

Fatigue 23.4 1.6 25.0

e Grade 2 ulcerative keratitis Nausea 20.4 24l 23.4
* Grade 3 hypersensitivity infusion VI . i AU
reaction Anemia 11.0 9.4 20.3

« Grade 3 nausea and vomiting in a Dry Eye 15.6 0 15.6
single patient Diarrhea 14.1 0 14.1

« Grade 2 ocular limbic stem cell el Blre — 18 —
deficiency* (drug discontinued) Pyrexia 12.5 0 12.5

* No hyperphosphatemia or retinal Decreased Weight 11.0 1.6 12.5
toxicity Constipation 9.4 1.6 10.9
*Reported after the data cut-off date Dehydration 10.9 0 10.9
Peripheral Edema 10.9 0 10.9

Increased AST 4.7 6.3 10.9

Including patients enrclled into Part 2 (Cohort A), as well as B patients in Part 1B

Duration of Treatment in FGFR2b+ (IHC High) Gastric

Cancer Patients

Figure 2

FGFR2b+ High Subjects

A Completeipartial response
® Progressive disease

* Mew lesion

m Last study treatment

T T
0 100 200
Study Days

T T
300 400

Dose Level M FPA144-3 mo/kg [ FPA144-6 malka [ FPA144-10 molkg M FPA144-15 malkg

* Median Duration of Response (weeks) =15.4 (9.1, 19.1)
* Median PFS (weeks): 11.0 (5.7, 20.6)

» Data supports further evaluation of the combination of FPA144 with chemotherapy
or immunotherapy in FGFR2b-selected gastric and bladder cancer
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BACKGROUND & AIMS: Ablation of Notch signaling
within the intestinal epithelium results in loss of prolif-
erating crypt progenitors due to their conversion into
postmitotic secretory cells. We aimed to confirm that
Notch was active in stem cells (SCs), investigate conse-
quences of loss of Notch signaling within the intestinal
SC compartment, and identify the physiologic ligands of
Notch in mouse intestine. Furthermore, we investigated
whether the induction of goblet cell differentiation that
results from loss of Notch requires the transcription
factor Kriippel-like factor 4 (KIf4). METHODS: Trans-
genic mice that carried a reporter of Notchl activation
were used for lineage tracing experiments. The in vivo
functions of the Notch ligands Jaggedl (Jagl), Delta-
likel (DII1), Delta-like4 (DI1l4), and the transcription fac-
tor Klf4 were assessed in mice with inducible, gut-specific
gene targeting (Vil-Cre-ER™). RESULTS: Notch1 signal-
ing was found to be activated in intestinal SCs. Although
deletion of Jagl or Dll4 did not perturb the intestinal
epithelium, inactivation of DII1 resulted in a moderate
increase in number of goblet cells without noticeable effects
of progenitor proliferation. However, simultaneous inacti-
vation of DII1 and DIl4 resulted in the complete conversion
of proliferating progenitors into postmitotic goblet cells,
concomitant with loss of SCs (Olfm4*, Lgr5*, and Ascl2™).
Klf4 inactivation did not interfere with goblet cell differen-
tiation in adult wild-type or in Notch pathway- deficient
gut. CONCLUSIONS: Notch signaling in SCs and pro-
genitors is activated by DII1 and DIl4 ligands and is
required for maintenance of intestinal progenitor and
SCs. Klf4 is dispensable for goblet cell differentiation in
intestines of adult Notch-deficient mice.

Keywords: GI Development; Knockout Mice; Intestinal
Stem Cells; Gene Regulation.

he epithelium of the small intestine consists of 4
principal cell types: absorptive enterocytes, mucus-
secreting goblet cells, antimicrobial Paneth cells, and

hormone-secreting enteroendocrine cells. Although most
differentiated cell types reside within the villus, Paneth
cells are found at the bottom of the crypt. They are in
close contact with the leucine-rich repeat-containing G
protein-coupled receptor S (Lgr5) and olfactomedin-4
(Olfm4) expressing intestinal stem cells (SCs).!? These
SCs, also known as crypt base columnar cells, proliferate
constantly! and give rise to transient amplifying cells,
which localize within the crypt compartment just above
the Paneth cells. Transient amplifying cells migrate up-
ward and differentiate at the crypt-villus boundary into
one of the 4 known cell types of the small intestine. These
regeneration and differentiation processes have to be
under stringent control to ensure proper homeostasis.
The Notch cascade mediates cell-to-cell signaling and
has been shown to be essential for the maintenance of the
proliferative crypt compartment, as well as for the for-
mation of adsorptive enterocytes (reviewed in van der
Flier and Clevers®). The mammalian Notch receptor-li-
gand family consists of 4 single transmembrane Notch
receptors (Notch1-4) and 5 single transmembrane li-
gands (Delta-likel, 3, and 4 and Jagged1 and 2 [DIl1, 3,
and 4 and Jagl and 2]).* Ligand-receptor interactions
between neighboring cells lead to sequential proteolytic
cleavages of the receptor, liberating its intracellular do-
main (NICD). Once released, NICD translocates to the
nucleus and heterodimerizes with the transcription fac-
tor CSL (also known as RBP-J in the mouse), inducing
transcription of downstream target genes. Inhibition of
Notch signaling in the intestinal epithelium using con-
ditional gene targeting of RBP-J or by pharmacologic
v-secretase inhibitors, which block the release of NICD,
results in the loss of the proliferative crypt compartment
and conversion of crypt progenitors into secretory cells.
We recently showed that Notchl and Notch2 receptors

Abbreviations used in this paper: DBZ, dibenzazepine; DI, Delta-like;
Jag, Jagged; KIf4, Kriippel-like factor 4; NICD, Notchl intracellular
domain; qRT-PCR, quantitative reverse-transcription polymerase chain
reaction; SC, stem cell.
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act redundantly in mediating Notch signaling in the
intestine.® Only simultaneous conditional gene inactiva-
tion or antibody-mediated inhibition of both receptors
resulted in the complete conversion of the crypt progen-
itors into postmitotic goblet cells.%” Taken together,
these results suggest that Notch signaling is not only a
gatekeeper for proliferating crypt progenitors but is also
involved in controlling the balance between secretory and
absorptive cell types. However, whether the role Notch
plays in SC maintenance reflects direct activation of
Notch signaling in intestinal SCs is currently unknown.

Cell fate decisions and differentiation processes within
the intestinal epithelium involve the Notch target gene
Hes1, which represses the basic helix-loop-helix transcrip-
tion factor Math1.8 The intestine of Hes1-deficient mice
contains increased Paneth, goblet, and enteroendocrine
cell numbers and has a decrease in absorptive cells,3°
whereas Mathl-mutant animals have lost most secretory
cells and are only colonized by enterocytes.!®!! These
results suggest that Hes1l-mediated repression of Mathl
contributes to the regulation of the secretory versus ad-
sorptive lineage decision. Another important transcrip-
tion factor shown to be repressed via Notch-mediated
Hesl expression is the zinc finger transcription factor
Krippel-like factor 4 (Klf4).12-14 Klf4-deficient mice
(postnatal day 1) showed a 90% decrease of goblet cell
numbers within the colon, indicating that KIf4 is impor-
tant for goblet cell differentiation during fetal life.!5-1¢
The fact that blocking Notch signaling correlates with
increased Klf4 messenger RNA expression and results in
goblet cell metaplasia, combined with in vitro studies
showing that Notch or Hesl can repress Klf4 promoter-
driven transcription, resulted in a model in which Notch
signaling suppresses the goblet cell fate through Hesl-
mediated repression of Klf4.12-14

Here, we identify the physiologic Notch ligands of the
murine intestine and show the importance of the Notch
pathway for proper intestinal SC homeostasis. Further-
more, our results show that Klf4 is dispensable for goblet
cell differentiation in adult intestines of Notch mutant
mice, complementing recent observations that Mathl
acts downstream of Notch in driving goblet cell fate.!!

Materials and Methods
Animals

All animal work was conducted according to
Swiss national guidelines. This study has been reviewed
and approved by the Service Vétérinaire Cantonal of Etat
de Vaud. All NIP1:CreER™ study-related animals were
housed in the Washington University mouse facility and
were approved by the Animal Studies Committee of
Washington University.
The Cre-ER™ recombinase activity was induced by in-
jecting 2- to 3-week-old mice with tamoxifen (10 mg/kg
body weight in corn oil; Sigma-Aldrich, Buchs, Switzer-
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land) intraperitoneally for 5 consecutive days. The
7y-secretase inhibitor dibenzazepine (DBZ; 20 umol/kg
body weight in 0.5% wt/vol hydroxypropyl methylcellu-
lose, 0.1% wt/vol NP-40 in water; Calbiochem-Merk, Zug,
Switzerland) was injected intraperitoneally for 4 consec-
utive days. Mice were analyzed 2 weeks after the last
injection or 3 to 5 days after the last injection in case of
lethal phenotypes (DIl1-DIl4vi-Cre-ERT2 . RBP-Jvil-Cre-ERT2
RBP-J - KlIf4vilCreERT2 and DBZ-treated mice).

The targeting and screening of NIP1::CreER? ES cells
have been described,!” and detailed analysis of the ani-
mals will be described elsewhere. The NIP1::CreER™? re-
porter was activated by injecting 1-month-old mice with
tamoxifen (220 mg/kg) for 3 consecutive days. Mice were
analyzed 8 months after the last injection.

Tissue sample preparation, immunohistochemistry, in
situ hybridization, Southern blot, and quantitative re-
verse-transcription polymerase chain reaction (QRT-PCR)
are described in Supplementary Materials and Methods.

Results

Notchl Activation Occurs in Adult Intestinal
Stem Cells

Notch signaling in the intestine plays an impor-
tant role as a gatekeeper of progenitor cells and also as a
regulator of the absorptive/secretory lineage.5¢ To gain
further insight whether Notch signaling might also occur at
the level of adult intestinal SCs, we generated a tamoxifen-
inducible Notchl activation-dependent reporter knock-in
mouse line, NIP1:CreER™ (Figure 1A).1” The intracellu-
lar domain of the targeted Notchl allele was replaced
with a complementary DNA encoding a 6X myc-tagged
CreER™ (6mtCreER™). Binding of Notch ligands to the
NIP1:CreER™ will trigger the release of the 6mtCreERT?
from the membrane, but only in the presence of tamox-
ifen can CreER™? enter the nucleus. Within the nucleus,
CreERT? will mediate the excision of a floxed stop cassette
in reporter strains such as RosaR26R or the Rosa26-EYFP
mice and permanently label the cells and all their off-
spring with LacZ or EYFP, respectively.

To ascertain that adult intestinal SCs were labeled at
the time of activation, we examined the intestine of
NIP1::CreER™ Rosa LacZ or EYFP mice 8 months after
tamoxifen administration for 3 consecutive days. Labeled
villi were maintained along the entire intestine, with
more labeled villi visible in the duodenum and jejunum
(Figure 1B) similar to NIP::CRE mice.!® Entire crypt-villus
units were clearly labeled (Figure 1C), and double immu-
nofluorescence for EYFP and cell type-specific markers
identified all the differentiated intestinal cell types: gob-
let cells (EYFP*, DBA* [Dolichos biflorus agglutinin];
Figure 1D), Paneth cells (EYFP*, lysozyme™; Figure 1E),
and enteroendocrine cells (EYFP*, chromogranin®*; Fig-
ure 1F). The in vivo lineage tracing shows that Notchl
activation occurs within the adult intestinal SCs under
physiologic condition; however, the physiologic ligands
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Duodenum Jejunum

Figure 1. Notch1 is activated in intestinal stem cells. (A) Schematic
illustration of NIP1::CreER™ knock-in reporter mice (see text for details).
N1 ECD, Notch1 extracellular domain; TM, Notch1 transmembrane
domain. (B and C) LacZ whole mount staining and EYFP expression in
different intestinal segments 8 months after reporter activation. Note
fully labeled crypt-villus unit from both the Rosa LacZ and EYFP report-
ers. (O—F) Double staining of sections derived from the small intestine of
NIP1::CreER™ Rosa EYFP reporter mice for the (D) goblet cell marker
DBA, (E) Paneth cell marker lysozyme, and (F) enteroendocrine marker
chromogranin. Double-positive cells are highlighted with arrowheads.

triggering Notch signaling within the intestine remain to

be identified.

DIl1 Deficiency Induces Increased Goblet Cell
Numbers

In situ hybridization-based expression studies as
well as LacZ knock-in alleles for DII1 and DII4 point to
Jagl, DII1, and DII4 as potential candidates for the phys-

GASTROENTEROLOGY Vol. 140, No. 4

iologic Notchl and Notch2 ligands in the intestine.'®-2!
We investigated the role of each ligand in intestinal
homeostasis using an inducible loss-of-function ap-
proach. Specifically, mice carrying floxed alleles for the
DII1,22 Dll4,2% and Jagl?* genes were intercrossed with
transgenic mice expressing Cre-ER™ under the control of
the villin promoter (vil-Cre-ERT?).25 Two- to 3-week-old
DIl 1flox/flox  yi]-Cre-ERT2 (Dlllvil-Cre-ERTZ), DIl4flox/flox  y]-
Cre-ER™  (DII4vilCreERT2) = and  Jaglfov/flox  yi]-Cre-ER™?
(JaglvikCre-ERT2) " a5 well as corresponding littermate con-
trols lacking the vil-Cre-ER™? transgene (control), were
injected with tamoxifen on 5 consecutive days and ana-
lyzed 2 weeks after the last injection. Successful gene
ablation here and in subsequent experiments was con-
firmed by Southern blot analysis of genomic DNA de-
rived from epithelial cells of the small intestine and colon
(Supplementary Figure 1) and/or combined with qRT-
PCR for messenger RNA expression of the targeted li-
gands (Figure 2C and 3D).

Loss of Notch signaling within the small intestine
resulted in goblet cell metaplasia accompanied by a loss
of proliferating progenitors.>¢ Therefore, we performed
histologic analysis combined with Alcian blue and Ki67
staining of individual mice gene targeted for each ligand.
The small intestine and colon of DIl4 and Jagl mutant
mice revealed no significant differences in morphology
and goblet cell number (Figure 24 and B and Supple-
mentary Figure 2). Moreover, the proliferative crypt com-
partment appeared to be intact (Figure 2A). Lysozyme
and synaptophysin antibody staining of intestinal sec-
tions derived from DII4, DII1, and Jagl mutant mice
identified no change within the Paneth and enteroendo-
crine cell compartments relative to controls (Supplemen-
tary Figure 3). In contrast, inactivation of DII1 within the
small intestine resulted in an average increase of 83% of
goblet cells (P < .0001) (Figure 2B), reminiscent of
Notch1 loss.”1® Despite the increase of goblet cell num-
bers in DII1vi-CreERT2 animals, there was no significant
change of Ki67* crypt progenitor cells compared with
control mice.

Taken together, these results suggest that inactivation
of individual ligands is not sufficient to recapitulate the
phenotypes observed in mice in which Notch signaling
was completely abrogated.>¢ Nevertheless, inactivation of
the DII1 gene showed a moderate increase in goblet cell
numbers, indicating that DII1 might be one of several
physiologic Notch ligands in the crypt compartment.

DIl1 and DIl4 Cooperate to Maintain the
Crypt Progenitor Compartment

To investigate whether functional redundancy
existed at the level of the ligands as well as the recep-
tors, we generated compound conditional knockout
mice of DII1 with other ligands (DI11-Jag1Vil-Cre-ERT2 gnd
DII1-DI14vi-Cre-ERT2) o assess functional redundancy.
Simultaneous inactivation of both Jagl and DII1 within
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Figure 2. Increased goblet cell differentiation in DII1-deficient intestine. (A) Alcian blue (top panel) and Ki67 (bottom panel) staining of representative
sections from the proximal small intestine of control, DII4Vi-Cre-ERT2 ' D||1vi-Cre-ERT2 ' gn g Jag1vi-Cre-ERT2 mice, (B) Quantification of goblet cells in control
and the indicated mutant mice. The number of Alcian blue—positive goblet cells per crypt-villus unit was counted and expressed as relative values to
littermate controls (1.00). DII1 mutant mice show a 1.83-fold increase (***P < .0001) in goblet cell number. (C) Relative messenger RNA quantification
of DIl4, DIlI1, and Jag1, derived from control and single mutant mice (**P < .01).

the small intestine did not differ from loss of DII1 alone
(compare Figure 34 and B with Figure 2A). Furthermore,
the large intestine of these double mutant mice was
comparable to control animals (Figure 3C). Thus, under
physiologic conditions, Jagl does not contribute to
Notch activation in the gut.

In contrast, DI11-DI114 double knockout mice showed
a rapid and progressive loss of weight, accompanied by
cachexia and poor grooming, leading to death within 4
to 6 days after the last tamoxifen injection. Histologic
examination of the small intestine revealed a complete
conversion of crypt progenitors into goblet cells as well
as loss of Ki67* cells, indicating loss of the prolifera-
tive crypt compartment (Figure 34 and B). Similarly, in
the colon, we observed reduced numbers of Ki67* cells
and a corresponding increase of goblet cell numbers
reaching the apical epithelium (Figure 3C). Active
Notch1 signaling within the crypt compartment of the
small intestine was investigated by NICD1 immuno-

staining, Hes1 in situ hybridization, and qRT-PCR for
Mathl1. DII1-DIll4 double-deficient and RBP-J mutant
intestinal crypts did not show any NICD1 staining and
were also negative for Hes1 messenger RNA expression
(Figure 4A and B). In contrast, Mathl messenger RNA
expression, which is normally repressed by Hes1 in the
crypt compartment, was strongly up-regulated in both
Notch mutant animals compared with control mice
(Figure 4C). Taken together, these data show that
Notch signaling is abrogated in DIl1-DIl4 double-mu-
tant mice and that these animals phenocopy RBP-J and
Notch1-Notch2 mutant mice.5¢

Similarly to RBP-J-deficient mice, the Paneth and en-
teroendocrine cell compartments were not significantly
affected in the DII1-DIl4 - deficient intestine (Supplemen-
tary Figure 3). This may be explained in terms of the
relatively long lifetimes of these secretory cell types; given
that the intestinal tissues of this mice were fixed only 3 to
5 days after the final injection of tamoxifen, there will not
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Figure 3. Complete conversion
of crypt progenitors into postmi-
totic goblet cells in DII1-Dll4 dou-
ble mutant mice. (A) Alcian blue
and (B) Ki67 antibody staining
of representative sections from
the small intestine of control,
Dll1-Jag1vi-Cre-ERT2 - gnd DIl -
Dll4vi-Cre-ERT2 mjce, The DIl1-
Jag1 double-mutant mice show
an increase in goblet cell numbers
similar to single DIl mutant mice
(1.88; P < .0001), while the pro-
liferative crypt compartment of
DII1-Dll4vi-Cre-ERT2 js completely
converted into postmitotic gob-
let cells. Insets in panels show
high magnification (400X) of the
outlined crypt regions. (C) Alcian
blue and Ki67 staining of colonic
crypts revealed a similar pheno-
type. Not only the crypt but also
the intercrypt epithelium is con-
verted into goblet cells (arrow-
heads). (D) Quantitative messen-
ger RNA analysis from epithelial
cells of the small intestine and
colon confirmed efficient gene
inactivation (P < .01).
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Figure 4. Notch signaling is f %

disrupted in the small intestine of
DIH-Dl4 and RBP-J mutant LA
mice. (A) Active Notch signaling -
was visualized with anti-NICD1 SO TR
antibody staining on representa- 3 ;
tive sections from control, DII1-
Dll4-, and RBP-J-deficient in-
testines. Disruption of Notch
signaling was confirmed by the
absence of nuclear staining in
the crypt compartment of DII1-
Dll4— and RBP-J—-deficient mice.
(B) In situ hybridization of the
Notch target gene Hes1 on sec-
tions from indicated mice, and (C)
quantification of Math1 messen-
ger RNA level derived from epithe-
lial cells of control, DIl1-Dll4, and
RBP-J mutant mice (P < .01). 1

LU

Relative Math1 mRNA
quantity (log)
=

LR

have been sufficient time for the adjustment of Paneth
and enteroendocrine cell numbers according to their pro-
duction rate.26 These results identified DII1 and DIl4 as
the physiologic ligands mediating Notch signaling in the
crypt compartment of the small intestine and colon.
Thus, the presence of both DII1 and DII4 ligands is
essential for maintenance of the proliferative crypt com-
partment.

Loss of Lgr5* Intestinal Stem Cells in Notch
Mutant Mice

Earlier we showed that Notchl was active in
intestinal SCs. To address whether loss of Notch sig-
naling affects intestinal SCs in addition to crypt pro-
genitor cells, we investigated the consequences of in-
activating different combinations of Notch ligands in
the SC compartment of the small intestine. Lineage
tracing experiments for both Bmil and Lgr5 identified
SCs that are capable of replenishing all cell types of the
small intestine.}?” Bmil expression marks the so-called +4
position, which was proposed to be the location of the
SCs due to their ability to retain DNA labels.?® In con-
trast, LgrS™* cells are cycling, and although they occasion-

Hes1
Jor

**%
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ally localize to the +4 position, it is currently not clear
whether Bmil* and Lgr5* cells represent distinct, over-
lapping, or identical SC populations within the small
intestine. Olfm4 was recently identified as being a specific
and robust marker of mouse and human Lgr5-type SCs
in the small intestine.> We therefore analyzed control,
Dll4, DIl1, Jagl, DIl1-Jagl, and DII1-DIl4 mutant mice
for the presence or absence of Lgr5-type SCs using Olfm4
in situ hybridization. As expected, the intestine of con-
trol, D14, DII1, Jagl, and Dll1-Jag]l mutant mice showed
the presence of normal numbers of Olfm4™* intestinal
SCs at the bottom of the crypt (Supplementary Figure 4).
In contrast, the intestine of DII1-Dll4- and RBP-J-defi-
cient mice lacked Olfm4* SCs in crypts where gene in-
activation was complete (Figure 5). We further confirmed
that loss of Notch signaling is not only affecting Olfm4
expression on SCs, but the SC compartment itself by
analyzing 2 Wnt targets/SC markers: Lgr5! and Ascl2.2°
Expression of both genes was ablated in DII1-DIl4- and
RBP-J-deficient small intestine (Figure 5). The concom-
itant loss of Olfm4, Lgr5, and Ascl2 expression, the la-
beling of SCs with NIP1::CreER™, and the complete loss
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of Ki67* cells within the crypt (Figure 3B) indicates that
cycling Lgr5* SCs convert into postmitotic goblet cells
when Notch signaling is lost. Taken together, these re-
sults indicate that Notch signaling is directly involved in
the maintenance of SCs within the small intestine.

Goblet Cell Metaplasia in Adult Notch

Signaling Deficient Mice Is Not Driven by

KIf4 Up-regulation

Finally, we wanted to investigate the function of
a candidate playing a role in driving goblet cell meta-
plasia following loss of Notch signaling. Several re-
ports suggest that the zinc finger transcription factor
Klf4 acts as a master regulator for goblet cell differen-
tiation during fetal life. KIf4 is up-regulated as a con-
sequence of Notch deficiency and is thereby thought to
drive goblet cell metaplasia.'>'4 Because Klf4-null mice
die shortly after birth, we intercrossed mice carrying
floxed alleles of the Klf4 gene3® with vil-Cre-ERT? trans-
genic mice. Two-week-old Klf4flox/foxyi]l-Cre-ER™? (here-
after KIf4vi-CreERT2) and corresponding littermate con-
trols lacking the vil-Cre-ER™ transgene (control) were
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RBP.JV"'Cre'ERTZ

Figure 5. Loss of intestinal

stem cell markers in Notch sig-

naling—deficient DII1-DIl4 and

R , RBP-J mutant mice. In situ hy-

bridization analysis for SC mark-

kocec 2 ers Lgr5, Olfm4, and Ascl2 on

sections of the small intestine.

TS < Simultaneous inactivation of DIl

) 7 and Dlli4 or RBP-J resulted in the

i / loss of expression of all 3 SC

: markers described previously.

; - Insets show high magnification

(400X) of outlined crypt regions.

B Note that for Olfm4 in situ hybrid-

ization on DII1-Dll4 mutant mice,

a region with a few positive SCs

(presumably none deleted) was

chosen on purpose to indicate
successful probe labeling.

analyzed 2 weeks after the last tamoxifen injection.
Successful inactivation of the Klf4 gene was confirmed
by Southern blot analysis and/or by qRT-PCR. Surpris-
ingly, histologic analysis with Alcian blue staining did
not reveal any differences in goblet cell numbers be-
tween control and Klf4 mutant animals in either the
small intestine or the colon (Supplementary Figure 5).
Proliferation of crypt progenitors and Paneth and en-
teroendocrine cell compartments within the small in-
testine were also similar between the 2 groups of mice
(Supplementary Figure 5).

Although under homeostatic conditions Klf4 seems to
be dispensable for goblet cell fate specification and dif-
ferentiation within the adult intestine, it was still con-
ceivable that reactivation of KlIf4 expression in the crypt
compartment after loss of Notch signaling might trigger
goblet cell differentiation. If this hypothesis is correct,
one would expect that loss of Klf4 in Notch-deficient
intestine should reduce or suppress the goblet cell meta-
plasia. We investigated this possibility by generating dou-
ble-mutant mice intercrossing RBP-J1x/ox mice with Klf4
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Figure 6. Kif4 is dispensable
for goblet cell metaplasia in-
duced by loss of Notch signal-
ing. (A and B) Alcian blue (top
panels) and Ki67 (bottom pan-
els) staining on sections derived
from the (A) proximal intestine C Kif4
and (B) colon of the indicated 2

mice. Note the complete loss of
the proliferative crypt compart-
ment and the complete conver-
sion into goblet cells in RBP-J
and RBP-J - Kif4 mutant intes-
tine. (C) Pharmaceutical inhibi-
tion of Notch signaling using the
y-secretase inhibitor DBZ after
gut-specific inactivation of Kif4
results in the loss of proliferating
crypt progenitors due to their
conversion into postmitotic gob-
let cells.

Ki67 & Alcian blue

Alcian blue

ki67

mutant animals (RBP-J - KIf4vi-CreERT2) Gene inactivation
in double-mutant mice and control RBP-Jv-CreERT2 myjce
was induced and analyzed 4 days after inactivation. In-
terestingly, the phenotype of the small intestine and
colon of RBP-] - Klf4vi-Cre-ERT2 double-deficient mice was
indistinguishable from RBP-JVI-CrERT2 animals (Figure
6A-C), suggesting that Klf4 does not play a regulatory
role in goblet cell metaplasia or in loss of proliferation
within the crypt. This observation was further confirmed
by analyzing intestine of KIf4i-crERT2 and control mice
that were treated with the pharmacologic Notch inhibi-
tor DBZ. Both control and Klf4 mutant DBZ-treated
animals displayed goblet cell metaplasia and loss of the
proliferative crypt compartment (Figure 6C). These find-
ings show that Klf4 is not a mediator of goblet cell
differentiation induced by loss of Notch signaling in the
adult intestine.
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Discussion

It is now well established that both Wnt and
Notch signaling are essential for the maintenance of the
proliferative crypt compartment. Both pathways are also
involved in cellular differentiation processes of the intes-
tinal epithelium.? Loss of Notch signaling due to genetic
inactivation of the RBP-J gene, or as a consequence of
using pharmacologic y-secretase inhibitors or blocking
antibodies, results in the loss of proliferating crypt pro-
genitors, which convert into postmitotic goblet cells.>7 In
recent years, aberrant Notch signaling has been linked to
numerous diseases, in particular to cancer, which led to
increased attention of the Notch cascade as a potential
therapeutic target. Although vy-secretase inhibitors are
currently considered and tested in clinical trials for sev-
eral conditions, the intestinal toxicity due to their indis-
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criminate blockade of Notch receptors in the gut, with
consequent loss of SCs, represents a serious restriction.>!
New therapeutic strategies, such as the development of
inhibitory antibodies against individual Notch receptors
and/or ligands, are currently being developed and tested
in preclinical models.”32-34 It is therefore important to
understand which components of the Notch cascade
mediate crypt progenitor maintenance and how their
inhibition results in goblet cell metaplasia. In this con-
text, we previously established that the Notchl and
Notch2 receptors function redundantly in the small in-
testine, because only the concomitant genetic ablation of
both receptors results in goblet cell metaplasia and loss
of crypt progenitors.® These genetic results were recently
confirmed, showing that antibody-mediated inhibition of
Notch1 and Notch2 causes severe intestinal toxicity while
selective blocking of Notch1 inhibited tumor growth in
preclinical models without major gut toxicity.”

In this study, we identified DII1 and DIl4 as being the
key physiologic ligands mediating Notch signaling in the
intestinal epithelium of the mouse. Intestine-specific in-
activation of individual ligands such as D114 and Jagl did
not show any obvious phenotype and loss of DIl1 mim-
icked loss of Notch1 by producing a moderate increase in
goblet cell numbers without noticeable perturbation of
the proliferative compartment. These results suggested a
functional redundancy among the ligands similar to the
one observed within the receptors. Just as loss of Notchl
was not fully compensated by Notch2, loss of DII1 is not
fully compensated by Dll4. In contrast, loss of DII4 is
completely counterbalanced by DII1, indicating that DII1
contributes more to Notchl signaling in the intestinal
epithelium than DII4. It is currently unclear whether
these differences between DII1 and DII4 are mediated by
different expression patterns within the crypt compart-
ment or by differences in their ability to bind different
Notch receptors, as has been shown within the hemato-
poietic system.3S

Jagl has been shown to be downstream of Wnt signal-
ing in multiple organs, including the intestine.3¢ More-
over, deletion of a single Jagl allele in APCM™/* mice
resulted in reduced tumor growth, and human adenomas
derived from patients with familial adenomatous polyp-
osis showed high levels of Jagl that correlated with acti-
vated Notchl and Notch2 in tumor cells containing
nuclear B-catenin.’® Although Jagl is indeed a target gene
of B-catenin-mediated Wnt signaling, and Wnt signaling
is essential for the maintenance of the crypt compart-
ment,? Jagl is not a functionally important Notch ligand
in the mouse intestine. We find that DII4, and not Jagl,
is acting redundantly with DIl1. Human colorectal tu-
mors, colorectal cancer cell lines, and adenomas of
APCMn/* mice all exhibit increased levels of B-catenin-
mediated Wnt signaling compared with their normal
intestinal epithelium. It is therefore possible that elevated
Jagl expression under pathologic conditions could con-
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tribute to disease progression, whereas the physiologic
levels of Jagl in the crypt compartment are not function-
ally significant.

DIl4 is best known for its essential role during devel-
opment of embryonic vasculature and arteriogenesis.3”-38
The finding that DIl4 is preferentially expressed in tumor
vasculature as opposed to normal blood vessels®® ren-
dered Dll4 an attractive therapeutic target for tumor
angiogenesis. Studies targeting blood vessel formation
using blocking antibodies to DIll4 revealed substantial
tumor growth reduction in cancer cell line-based xeno-
graft models.333* Unlike blocking Notch signaling using
a 7y-secretase inhibitor, neutralizing anti-DII4 antibodies
had no measurable effect on goblet cell differentiation
and/or proliferation of crypt progenitor cells.>* This led
to the interpretation that DIl4-mediated Notch signaling
would be largely restricted to the vascular compart-
ment.33 Although our genetic studies confirm that abla-
tion of DII4 in the intestinal epithelium does not perturb
proliferation or goblet cell differentiation in the crypt,
they show that DIl4-mediated Notch signaling is indeed
occurring in the intestine and that the absence of a
measurable phenotype in DIl4 mutant mice is due to
redundant DIl1-mediated Notch signaling.

To date, Notch signaling has been mostly described to
function at the level of intestinal progenitors but not nec-
essarily at the SC level. Label-retaining assays combined
with irradiation-induced regeneration of the intestinal epi-
thelium positioned SCs at the +4 position, just above the
Paneth cells.?® Recent in vivo lineage tracing experiments
revealed that slow cycling Bmil* cells localize to the +4
position and give rise to all 4 epithelial lineages of the gut,?”
suggesting that these cells represent SCs. Crypt base colum-
nar cells were identified as another pool of SCs based on
Lgr5 expression and lineage tracing experiments. In contrast
to the +4 cells, Lgr5* cells are actively cycling, long lived,
and also give rise to all 4 epithelial lineages.! Moreover, a
single Lgr5™ cell has the potential to form a self-renewing
mini-gut in culture.*® Whether these 2 pools of SCs repre-
sent separate entities or whether one is the descendent of
the other needs further investigation. Independent of these
issues, our DII1-DIl4 and RBP-J] mutant mice combined
with the lineage tracing experiments for Notch1 show that
Notch signaling is essential for the maintenance of the
Lgr5* SCs and that intestinal SCs have active Notch1 sig-
naling. Because Notch1 and Notch2 have redundant func-
tions within the small intestine, it is conceivable that SCs
may also have active Notch2 signaling. Future studies are
needed to verify this hypothesis. Which cell provides DIl1
and DII4 ligands to trigger Notch signaling in stem and
progenitor cells is currently not well defined. In the absence
of effective anti-DIl1 and DIl4 antibodies, in situ hybridiza-
tion and DII1%?%* and DIll4%** knock-in mice identify
individual cells within the crypt and secretory cells as li-
gand-presenting cells.1®-21:4
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The gastrointestinal toxicity of y-secretase inhibitors,
resulting from loss of SCs/progenitors, which limits the
clinical utility of these drugs, is avoided in mice in which
Mathl is conditionally inactivated in the intestine, but at
the expense of loss of secretory cells.!#2 This shows the
absolute requirement of Math1 for conversion of SCs to
secretory cells in crypts deficient in Notch signaling.
Multiple studies have suggested that goblet cell metapla-
sia in +y-secretase inhibitor-treated mice is mediated by
derepression of KIf4,12-14 positioning Klf4 downstream of
Mathl. However, our genetic loss-of-function analysis
failed to support such a role for KIf4 in the intestine and
shows that Klf4 is dispensable for this process.

In conclusion, our results identified DII1 and DII4 as the
physiologically relevant Notch1 and Notch2 ligands within
the small intestine of the mouse. These 2 ligands cooperate
and exhibit a partial functional redundancy, with DII1 con-
tributing more to Notch signaling than D14 in the intesti-
nal epithelium. Collectively, our experiments reveal that
intestinal SCs activate Notchl, that Notch signaling is re-
quired for SC maintenance, and that Klf4 is not an essential
mediator of goblet cell differentiation.

Supplementary Material

Note: To access the supplementary materials ac-
companying this article, visit the online version of
Gastroenterology at www.gastrojournal.org, and at doi:
10.1053/j.gastro.2011.01.005.
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Supplementary Materials and Methods

Tissue Sample Preparation,

Immunobistochemistry, and In Situ

Hybridization

Intestinal samples were flushed gently with cold
phosphate-buffered saline and fixed overnight in 4%
paraformaldehyde at 4°C or in formalin at room tem-
perature. Samples were then dehydrated, embedded in
paraffin, and sectioned at 4 pum. After dewaxing and
rehydration, endogenous peroxidase
quenched (5 minutes, 3% H,0,) and antigen retrieval
was performed (20 minutes at 95°C in 10 mmol/L
sodium citrate buffer, pH 6). Paneth and enteroendo-
crine cells were stained with a rabbit anti-lysozyme
(1:500 dilution overnight at 4°C; Dako, Baar, Switzer-
land) and rabbit anti-synaptophysin antibody (1:100
dilution overnight at 4°C; Dako) or an anti-NICD1
antibody (1:500 Abcam 8925, Cambridge, United King-
dom), all diluted in phosphate-buffered saline contain-
ing 1% bovine serum albumin. Sections were then
incubated with species-specific horseradish peroxi-
dase-labeled secondary antibody, and staining was re-
vealed with 3,3'-diaminobenzidine tetrahydrochloride
(Sigma). Actively proliferating cells were stained with
mouse anti-Ki67 antibody (1:100 dilution, 1 hour at
room temperature; Novocastra, Nunningen, Switzer-
land). Double immunofluorescence staining experi-
ments were performed on frozen sections with the
primary antibodies chicken anti-EYFP (1:1000 dilu-
tion; Aves Labs, Tigard, OR), rhodamine-labeled Doli-
chos biflorus agglutinin (DBA) (1:500 dilution; Vector
Laboratories, Burlingame, CA), rabbit anti-lysozyme
(1:500 dilution; Invitrogen, Luzern, Switzerland), and
rabbit anti-chromogranin (1.500 dilution; Abcam, Lu-
zern, Switzerland) and visualized with donkey anti-
chicken DyLight488 and donkey anti-rabbit DyLight549
secondary antibodies (1:500 dilution; Jackson Immu-
noResearch, West Grove, PA). Goblet cells were stained
with Alcian blue (pH 2.5; Sigma) and counterstained with
Nuclear Fast Red. For immunostained sections, the fol-
lowing counterstains were used: Alcian blue and Nuclear
Fast Red for Paneth cells, Alcian blue and Mayer’s hema-
toxylin for enteroendocrine cells, and Ki67 antibody
staining. Immunostained sections were then mounted.
The numbers of goblet, Paneth, and enteroendocrine
cells are shown as percentage relative to littermate con-
trols. At least 3 mice per genotype were analyzed, select-
ing 100 crypt/villus units from the proximal and distal
intestine per mouse. Statistical significance was verified
with a Mann-Whitney U 2-tailed test. X-gal staining was
performed as described,! and sections were counter-
stained with Nuclear Fast Red. For in situ hybridization,
intestines were flushed with ice-cold phosphate-buffered
saline and processed as described.? The in situ probes
utilized were obtained from the IMAGE consortium or

activity was
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newly designed. Probes from complementary DNA of
mouse Olfm4, LgrS, and Ascl2 were generated by in vitro
transcription with a DIG RNA Labeling Kit (Roche, Basel,
Switzerland) according to the manufacturer’s instruc-
tions.

Intestinal Crypt Cell Isolation, Southern Blot,
and qRT-PCR Analysis

A fraction enriched for intestinal crypt cells was
obtained using the following isolation protocol. Briefly,
5- to 10-mm pieces of freshly isolated intestines were
incubated for 8 minutes in phosphate-buffered saline/30
mmol/L EDTA at 37°C and then vigorously shaken for 1
minute. The small pieces of intestine were then reincu-
bated in fresh phosphate-buffered saline/30 mmol/L
EDTA solution, and the detached cells were collected and
kept on ice. The procedure was sequentially repeated 4 to
5 times with a short incubation time (4-5 minutes). The
last 2 fractions are highly enriched in crypt intestinal cells
and were used for genomic DNA isolation (Proteinase K,
phenol/chloroform purification) and RNA isolation
(TRIzol; Invitrogen).

The Southern blot analysis strategy was as described
previously for DII13 DIll4,* Jagl,® KlIf4, and RBP-J.”
Briefly, 20 ug of genomic DNA was digested with the
appropriate restriction enzyme, denatured, transferred to
a nylon membrane, and incubated overnight at 65°C
with the specific P*? radiolabeled probe. The labeled
membrane was exposed on a Phosphor imager plate and
scanned with a Fuji Film BAS-1000 scanner (Dielsdorf,
Switzerland). Gene deletion was quantified with the Aida
image analyzer software (Fuji Film).

qRT-PCR was performed on complementary DNA ob-
tained from the reverse transcription of 1 pg of total
RNA derived from intestinal crypt cells (SuperScript II
and random hexamers primers; Invitrogen). Gene expres-
sion was assessed using the Light Cycler Carousel PCR
machine (Roche Diagnostics) following the manufactur-
er’s instructions. Relative levels of gene expression were
normalized to Gapdh or Actb gene expression using the
2-88CT method. Gene specific primer sequences are avail-
able on request. Three mice at least per genotype were
analyzed. Statistical significance was verified with a
Mann-Whitney U 2-tailed test.
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Supplementary Figure 1. Southern blot analysis of genomic DNA derived from epithelial cells of the small intestine or colon of the indicated mice.
See Materials and Methods for details.
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Supplementary Figure 2. (A) Representative colon sections of control, DII4Vi-Cre-ERT2 - Dj1vi-Cre-ERT2 - and Jag1vi-Cre-ERT2 mice. Goblet cells and
proliferating crypt progenitors were visualized by Alcian blue and Ki67 double staining. No major differences were noted between control and the
ligand mutant mice. (B) Relative messenger RNA quantification of DIl4, DII1, and Jag1, derived from epithelial cells of control and single ligand deficient
mice, confirmed efficient gene deletion (*P < .05, **P < .01).
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Supplementary Figure 3. (A) Paneth cells and enteroendocrine cells were visualized performing anti-lysozyme and anti-synaptophysin
antibody staining on sections derived from the proximal intestine of control, DII4vi-Cre-ERT2 D||qvi-Cre-ERT2 | jaqqvi-Cre-ERT2 D1~ Jgg1Vvi-Cre-ERT2 gng
DII1-DlI4vi-Cre-ERT2 mjce, respectively. The same sections were counterstained with Alcian blue to visualize goblet cells at the same time.
Arrowheads indicate enteroendocrine cells. (B and C) Quantification of Paneth and enteroendocrine cells in indicated mutant mice. Numbers of
Paneth cells per crypt or enteroendocrine cells per crypt/villus unit were counted and expressed as percentage of littermate control mice (100%). See
Materials and Methods for details.
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Supplementary Figure 4. In situ hybridization analysis for the SC marker Olfm4 on sections derived from the small intestine of control and DIl4, DIl1,
Jag1, and DIl1-Jag1 mutant mice. Insets in panels show high magnification (400X) of the outlined crypt regions. No significant difference in Olfm4
expression was observed.
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Supplementary Figure 5. Normal goblet cell numbers in the adult intestine of KIf4 mutant mice. (A) Alcian blue—positive goblet cell staining on (a)
proximal, (') distal small intestine, and (a”’) colon sections from control and Kif4 mutant mice. (B) Goblet cell number quantification of control (gray
bar) and Kif4 (black bar) small intestine mutant mice. Relative percentage to littermate control intestines (100%). (C) Actively proliferating cells from
control and Kif4 mutant proximal intestine were stained with anti-Ki67 antibody. (D) Quantification of KIf4 messenger RNA levels (black bar) derived
from the small intestine or colonic crypt of Kif4 deficient and control (100%) mice (**P < .01). (E) Paneth and enteroendocrine cells were visualized
by lysozyme and synaptophysin staining on sections derived from control, KIf4vi-Cre-ERT2 gnd RBP-J - Kif4vi-Cre-ERT2 mice, The same sections were
counterstained with Alcian blue to visualize goblet cells at the same time. Arrowheads indicate enteroendocrine cells.
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Seior

DIRECTOR DIVISION DE NUEVAS CREACIONES
SUPERINTENDENCIA DE INDUSTRIA Y COMERCIO
E. S. D.

REF: Expediente No. 16-050.106, solicitud de patente de invencién a favor de
FIVE PRIME THERAPEUTICS, INC. Titulo: ANTICUERPOS ANTI-FGFR2IIIB
AFUCOSILADOS.

RESPUESTA A EXAMEN DE FONDO

JUAN PABLO CADENA SARMIENTO, portador de la tarjeta profesional No. 57.492 del
C.S.]., obrando como apoderado de la sociedad solicitante me permito dar respuesta al
Oficio No. 12194 relacionado con la patentabilidad de la presente invencion y notificado
el 17 de agosto de 2017.

Reivindicaciones

De manera respetuosa, me permito expresar nuestro desacuerdo con la objecién sobre
las reivindicaciones 1 - 8, puesto que la caracteristica relacionada con la afucosilacion
de los anticuerpos en la composicion es una caracteristica que le confiere efectos
técnicos a la composicidn, como una actividad incrementada ADCC. Teniendo en cuenta
esto, la definicion relacionada con que la afucosilacién es del 95% corresponde una
caracteristica estructural de la composicion y los anticuerpos que estan presentes en
esta, de la misma manera que una proporcién o ingrediente es una limitacion
estructural.

En este sentido, me permito resaltar que la fucosa es un tipo de modificaciéon por
glicosilacion de una proteina. De acuerdo a lo anterior, un anticuerpo que esta

afucosilado carece de glicosilaciones que comprenden fucosa. Por lo tanto, es evidente
que esta definicion no corresponde a un resultado a alcanzar, sino a una caracteristica
estructural de las composiciones reclamadas.

Adicionalmente, me permito resaltar que, de acuerdo a lo indicado en la GUIA PARA
EXAMEN DE SOLICITUDES DE PATENTE Y MODELO DE UTILIDAD de su despacho, “si,
por ejemplo, la caracteristica técnica esencial de la composicion es el compuesto activo, el
examinador no deberd requerir que se mencionen también otras caracteristicas
estructurales.”, por lo cual, es pertinente destacar que la composicion de la presente
solicitud tiene como caracteristica técnica esencial el compuesto activo, es decir, el
anticuerpo como se define en la reivindicacién 1, en consecuencia, el examinador no
deberia requerir la definicion mediante los excipientes y adyuvantes y sus
proporciones.
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Con base en lo anterior, es indiscutible que la reivindicaciéon 1 es completamente clara
y define la composicion de manera adecuada.

Por otra parte, respetuosamente me permito disentir de la objecién sobre las
reivindicaciones 1 y 17 (ahora reivindicaciones 1 y 16), puesto que el término
“pluralidad” se encuentra definido en la descripciéon como sigue:

“Cuando se hace referencia a una composicién que comprende una pluralidad de
anticuerpos, se considera que los anticuerpos estardn afucosilados si <5% de los
anticuerpos en la composicién comprenden fucosa en Asn297.”.

(Pagina 23, lineas 5 - 8).

Adicionalmente, el término “al menos” se encuentra antecediendo el porcentaje de
afucosilacion, es decir “al menos el 95%” y, de acuerdo a esto, una persona versada en
la materia reconoceria que este término se refiere de manera clara a un rango
porcentual del 95 - 100%.

Por lo tanto, es evidente que dichos términos son completamente claros y son
suficientemente precisos para definir el grado de afucosilacion del anticuerpo que hace
parte de la composicién de la invencién de la presente solicitud.

Por otra parte, me permito sefialar que la anterior reivindicacién 8 fue cancelada del
pliego reivindicatorio, de manera que se considera superada la objecién por falta de
concision con la reivindicacion 1y por falta de claridad sobre esta.

Finalmente, de manera respetuosa, me permito expresar nuestro desacuerdo con la
objecién sobre las anteriores reivindicaciones 15 - 19 (ahora reivindicaciones 14 - 18),
puesto que el método que alli se define es completamente claro y se define mediante
sus caracteristicas técnicas esenciales, es decir, su secuencia de etapas técnicas que se
resumen en:

i. la preparacion de células huésped que comprenden el acido nucleico que
codifica el anticuerpo anti- FGFR2IIIb de cualquiera de las reivindicaciones 1 a
13,

ii. el cultivo de las células huésped en condiciones adecuadas para expresar el
acido nucleico que codifica el anticuerpo anti- FGFR2IIIb, y

iii.  la recuperacién de los anticuerpos anti- FGFR2IIIb producidos por las células
huésped.

Ademas, es evidente que un versado en la materia, con base en su conocimiento técnico
en el area, estaria en la capacidad de seleccionar las condiciones por las cuales es
posible preparar y cultivar las células huésped y recuperar los anticuerpos producidos;
es por esto, que no se considera necesaria la inclusiéon de condiciones especificas dentro
de las caracteristicas técnicas del método reclamado.
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Por lo anterior, las reivindicaciones 14 - 18 son completamente claras y definen el
método de manera adecuada.

Dibujos y secuencias

De manera respetuosa, me permito sefialar que las secuencias fueron presentadas
inicialmente de acuerdo con el estandar ST 25, sin embargo, debido a la configuraciéon
del sistema online de SIP], no es posible presentar el formato digital .txt, puesto que se
reconocen formatos digitales .pdf. No obstante, me permito anexar el correspondiente
listado de secuencias en el formato digital de acuerdo con el estandar ST 25.

Nivel inventivo

Respetuosamente, me permito disentir de la objecion por falta de nivel inventivo en la
reivindicacién 1, puesto que la composiciéon que aqui se reclama posee amplias ventajas
inesperadas que no son obvias en vista de la combinacién de los documentos D1y D2
y, D1y D3.

En primera medida, si bien coincidimos con la apreciacion del examinador relacionada
con que la diferencia entre la composicién de la reivindicaciéon 1 y el anticuerpo
divulgado en el documento D1 consiste en que el anticuerpo de la reivindicacién 1 se
encuentra afucosilado; de manera respetuosa disentimos de la apreciaciéon de que la
afucosilacion solo tiene como resultado un incremento en la actividad ADCC del
anticuerpo, de acuerdo a los argumentos que expondremos a continuacion.

Como se expone en la Declaracion del inventor que aqui se anexa, una persona versada
en la materia entenderia que el documento D1 ensefia anticuerpos monoclonales anti-
FGFR2 para el tratamiento de tumores sélidos (D1, columnas 12 - 13 y ejemplo 4). En
contraste, las ensefianzas de los documentos D2 y D3 son, de hecho, limitadas a datos
de anticuerpos afucosilados para so6lo tres dianas en el contexto de desdrdenes
autoinmunes o canceres de origen inmune:

“La citotoxicidad ADCC en tumores sdlidos no es bien entendida y los mecanismos
fundamentales pueden ser diferentes. En la referencia Yamane, ambos ejemplos,
KW-0761y MEDI-563/BIW-8405, se dirigen a indicaciones inmunes, con KW-0761
dirigido a linfoma cutdneo de células T y MEDI-563/BIW-8405 dirigido a
eosindfilos en el asma. Ademds, anticuerpos anti-CD20 del tipo referido en D3 (un
ejemplo de cudl es obinutuzumab, el primer anticuerpo aprobado con ADCC
incrementada via afucosilacion), también se dirigen a cdnceres de origen inmune,
linfomas y leucemias.”.

(Parrafo 7 de la Declaracion del inventor).

De manera mas especifica, las ensefianzas del documento D2 se basan en dos ejemplos
de anticuerpos para el tratamiento de canceres de origen inmune. Mas concretamente,
MEDI-563 (benralizumab) en la actualidad esta indicado para el asma y COPD y se
dirige a un receptor en los eosinoéfilos; KW-0761 (mogamulizumab) se dirige a un

receptor en las células T y ha sido estudiado en contra de las leucemias y linfomas de
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las células T. Similarmente, el documento D3 trata de un anticuerpo anti-CD20, el cual
también se utiliza para el tratamiento de linfomas.

De acuerdo a lo anterior, es evidente que el campo técnico de la presente invencién es
diferente al campo técnico de los documentos D2 y D3, puesto que, pese a que se trata
de anticuerpos utiles en el tratamiento del cancer, el campo técnico especifico es
diferente en cuanto al tipo de cancer, como se explic6 en los parrafos previos. En este
sentido, un versado en la materia, no estaria motivado a utilizar las ensefianzas de los
documentos D2 y D3 y realizar cambios en los anticuerpos revelados en el documento
D1 con el fin de incrementar la actividad ADCC especifica o modificar la farmacocinética
y toxicidad de dichos anticuerpos, puesto que las dianas farmacolégicas son diferentes
y por tanto, la actividad especifica podria ser diferente, por lo que, el versado en la
materia no podria predecir o tener altas expectativas de incrementar la actividad ADCC
con base en los documentos D2 y D3, puesto que estos demuestran un incremento en la
actividad, pero relacionada con otras dianas farmacolégicas.

Contrario a las afirmaciones del examinador, el documento D2 no sugiere que el
anticuerpo no fucosilado que aqui se reclama podria presentar una actividad ADCC
especifica en tumores sélidos mejorada, puesto que, el documento D2 indica que los
anticuerpos afucosilados pueden tener una afinidad de unién mas alta por FcyRIlla y
que esta afinidad mas alta puede llevar a una eficacia incrementada en pacientes con

’

canceres de origen inmune y otras enfermedades con sefializacién inmune defectuosa
(como el asma); por lo cual, un versado en la materia no habria predicho a partir del

documento D2 si esta afinidad o eficacia incrementada pudiera haber sido observada
en la aplicacion de la composicion mencionada anteriormente.

Especificamente, una persona versada en la materia, con base en los documentos D1 -
D3, no habria predicho cémo remover la fucosa, por ejemplo, en la posicion Asn 297, de
los anticuerpos del documento D1 porque dicha remocién, de hecho, impactaria la
eficacia general de los anticuerpos en la composicion de la reivindicacién 1 y la
reivindicacién 33 (renumerada como reivindicacién 18) cuando se usan para las
preparaciones de un medicamento para el tratamiento del cancer.

En este sentido, el inventor de la presente, indica que:

“Por lo tanto, en mi opinién, una persona versada en la materia con base en los
documentos D1 y D2/D3 no podria predecir co6mo, removiendo la fucosa en la
posicion Asn297, podria impactar en la eficacia general de los anticuerpos
reclamados en esta aplicacion”.

(Declaracion del inventor, parrafo 8).

Por lo tanto, ademas de tener en cuenta que se desea incrementar la actividad ADCC de
los anticuerpos del documento D1, se debe tener en cuenta que dicho efecto no afecte
la eficacia y seguridad de los anticuerpos, informacién que no se proporciona ni sugiere
en los documentos D2 y D3, lo que corresponde a una evidencia mas de la actividad
inventiva de la invencion de la presente solicitud.
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Ademas, de acuerdo a la GUIA PARA EXAMEN DE SOLICITUDES DE PATENTE Y
MODELO DE UTILIDAD de su despacho, si después de examinar el nivel inventivo de
una invencidn (es decir que dicha invencién no hubiese resultado obvia ni se hubiese
derivado de manera evidente del estado de la técnica) persistiera la duda de la obviedad
de esta, se podrian tener en cuenta los indicios de nivel inventivo como lo es un efecto
técnico proporcionado por la invencién.

En este sentido, si aln, teniendo en cuenta los argumentos presentados anteriormente
respecto a la no obviedad en el hallazgo de la presente invencién, el examinador
considera que se requiere entrar a estudiar los indicios de nivel inventivo, me permito
resaltar los efectos técnicos que se proporcionan mediante la presente invenciéon y que,
en vista del arte previo, no habrian podido ser facilmente u obviamente predichos.

Como se puede evidenciar en la declaracién del inventor que aqui se anexa, existen
otros factores inciertos en vista de los documentos D1 - D3 respecto a las propiedades
de los anticuerpos reclamados y su uso en el tratamiento de canceres que
sobreexpresan FGFR2, como cancer gastrico, dichas incertidumbres se relacionan con
la toxicidad y farmacocinética de los anticuerpos que aqui se reclaman.

Problemas de toxicidad impredecibles

Primero, es importante tener en cuenta que un anticuerpo afucosilado anti-FGFR2IIIb
podria tener una toxicidad mas alta que un anticuerpo no modificado. Como se
menciona en el documento D2, los anticuerpos afucosilados pueden competir
fuertemente con anticuerpos IgG nativos por la unién a receptores Fc-gamma en células
natural killer (NK) (D2, pagina 232, parrafo puente entre la primera y segunda
columna). Esto, a su vez, puede inducir a las células NK a atacar a las células portadoras
del antigeno contra el que se pretende que se unan los anticuerpos,
independientemente de si esas células son células tumorales o normales.

Como indica el Dr. Pierce en su declaracion, un anticuerpo afucosilado podria inducir a
las células NK a matar no sélo células tumorales sino también células normales que
expresen el antigeno diana del anticuerpo:

“Otra posible consecuencia no intencionada de la glicoingenieria de un anticuerpo para
aumentar ADCC es la toxicidad incrementada. (También revisado por Reusch & Tejada en
la pdgina 5). Un anticuerpo afucosilado podria inducir a las células NK a matar células
normales que expresan la diana del antigeno del anticuerpo. En contraste, esas células
normales podrian ser evitadas por un anticuerpo que no ha sido modificado por
glicoingenieria. Estas células asesinas podrian llevar a una toxicidad peor y hacer que el
anticuerpo afucosilado no fuera adecuado para su uso en pacientes. La toxicidad de un
anticuerpo afucosilado anti-FGFR2IIIb no puede ser extrapolada de estudios de otros
anticuerpos afucosilados, puesto que el perfil de expresion de los antigenos diana
individuales es tinico para cada antigeno. Por lo tanto, una persona versada en la materia
no habria predicho el impacto de la afucosilacién de los anticuerpos reclamados en su
toxicidad”.

(Declaracién del inventor, parrafo 12).
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Es por esto, que el examinador falla en extrapolar los resultados obtenidos en los
documentos D2 y D3, puesto que no tiene en cuenta que el perfil de expresion de cada
antigeno es diferente y, por lo tanto, los diferentes anticuerpos para cada antigeno no
tendran el mismo efecto tras un cambio similar.

Ahora bien. debido a la alta afinidad de los anticuerpos afucosilados por FcyRlIlla, los
anticuerpos afucosilados deberian ser mas eficientes en matar las células mediadas por
NK que sus anticuerpos fucosilados parentales (es decir, aquellos que no han sido
modificados). La eficacia incrementada en la muerte celular también podria conducir a
un aumento en la muerte de las células normales que expresan FGFR2IIIb, incluidas las
células que expresan el antigeno diana a niveles bajos. (D2 pagina 232, segunda
columna, primer parrafo completo). En varios tejidos, matar las células normales que
expresan un antigeno diana puede causar toxicidad no deseada. Por esta razdn, la
toxicidad de un anticuerpo afucosilado anti-FGFR2IIIb no puede extrapolarse a partir
de estudios de otros anticuerpos afucosilados para diferentes antigenos diana, como en
el documento D3, por ejemplo, porque la toxicidad resultante depende en parte del

patrén de expresion del antigeno diana individual y, por lo tanto, del tipo de células
normales que podrian eliminarse debido al anticuerpo, como se mencioné
anteriormente en el extracto del parrafo 12 de la declaracién del inventor.

Como se conoce en el campo técnico, el factor FGFR2IIIb no solo esta sobreexpresado
por ciertas células tumorales, sino que también se expresa en el epitelio colorrectal
normal (Yoshino et al, Figuras 2A y 3A, refiriéndose a FGFR2IIIb por su nombre
alternativo, KGFR).

Figura 3A - Yoshino et al.
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Dicho documento en las figuras 2A y 3A, muestra un analisis inmunohistoquimico de
KGFR en el cual se observé inmunorreactividad en la superficie de células epiteliales,
por lo tanto, se evidencia que dicho factor se expresa en células no tumorales.

Adicionalmente, se cree que el factor FGFR2IIIb juega un papel importante en la
diferenciacidn de las células epiteliales colorrectales normales (Yoshino et al., pagina
247, resumen.) Por lo tanto, teniendo en cuenta este documento, un versado en la
materia sabria que un anticuerpo anti-FGFR2IIIb afucosilado podria destruir las células
epiteliales colorrectales normales que expresan FGFR2IIIb, dando como resultado
toxicidad severa.

Ademas, es ampliamente conocido que los anticuerpos y otros agentes que se unen a
las dianas en el epitelio gastrointestinal normal pueden causar toxicidad intestinal
severa (Pellegrinet et al, Gastroenterology 140: 1230-1240 (2011), donde se analiza la
toxicidad intestinal severa asociada con la inhibicion de la sefializacién de Notch en el
parrafo que cubre las paginas 1237-1238).

Por lo tanto, en concordancia con la apreciaciéon del inventor, el impacto de la
afucosilacion de un anticuerpo FGFR2IIIb sobre la toxicidad no habria sido predecible
en vista de la expresion de FGFR2IIIb en las células normales mencionadas
anteriormente. (Declaracién del inventor, parrafo 12), puesto que, mas
especificamente, un anticuerpo afucosilado anti-FGFR2IIIb podria inducir a células NK
a matar células epiteliales colorrectales normales y, en consecuencia, la toxicidad
desfavorable resultante podria hacer que dicho anticuerpo afucosilado fuera
inadecuado para el uso en pacientes en comparaciéon con su homélogo normalmente
fucosilado (Declaracion del inventor, parrafo 12).

Sin embargo, para explorar esta posibilidad, el solicitante Five Prime Therapeutics
patrociné los estudios de toxicologia en los que se ensay6 un anticuerpo afucosilado
anti-FGFR2IIIb que tiene las secuencias reivindicadas de HVR, dominio variable y
cadena pesada/ligera frente a su correspondiente forma fucosilada tanto en ratas como
en monos cynomolgus (Declaracidn del inventor, parrafo 13).

De manera inesperada, no se observé aumento de la toxicidad en los animales tratados
con la forma afucosilada del anticuerpo anti-FGFR2IIIb en comparaciéon con la forma
fucosilada. Por lo que, evidentemente este resultado no se hubiera predicho por las

razones discutidas anteriormente.

Ademas, el anticuerpo afucosilado anti-FGFR2IIIb que tiene las secuencias de la HVR, el
dominio variable, y cadena pesada y ligera de las reivindicaciones 1 a 7 se encuentra
actualmente en ensayos clinicos de Fase 1. Este anticuerpo demostré un perfil de
seguridad aceptable cuando se administré a pacientes con tumores sélidos avanzados,
incluidos cancer gastrico y de vejiga. Estos ensayos iniciales mostraron resultados
prometedores en estos tipos de cancer, que son dificiles de tratar y tienen bajas tasas
de respuesta con las terapias actualmente aprobadas. (Declaracién del inventor,
parrafo 14).
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En estos estudios se determind que la dosis recomendada en este ensayo fuera de 15
mg/kg cada dos semanas (Catenacci et al.), 1a cual es significativamente mas alta que la
dosis tipica de terapias con anticuerpos fucosilados actualmente comercializadas, que
estan en el rango de 1-10 mg/kg (D2 pagina 232, segunda columna, primer parrafo
completo). Sin embargo, el anticuerpo afucosilado anti-FGFR2IIIb fue bien tolerado en
ensayos clinicos y tiene la ventaja de ser administrado una vez cada dos semanas.

Tomados en conjunto, estos resultados muestran que el perfil de toxicidad de los
anticuerpos anti-FGFR2IIIb afucosilados utilizados en la composicién reivindicada no
pudieron haber sido predichos o extrapolados de los resultados observados para
anticuerpos contra objetivos diferentes en otras condiciones de cancer. Ademas, los
datos de los ensayos de Fase 1 muestran datos que prometen que las dosis toleradas de
anticuerpos pueden usarse para proporcionar respuesta cuando se usan en sujetos
humanos.

Por lo que, en conclusién, en este anticuerpo en especifico, la toxicidad no se ve
aumentada por la afucosilacién contrario a lo que podria esperarse, lo cual es un indicio
de que la presente invencién posee nivel inventivo.

Farmacocinética impredecible

Otra propiedad de un anticuerpo anti-FGFR2IIIb afucosilado que no se habria predicho
es su tasa de eliminacién. Segun lo discutido por el Dr. Pierce, un anticuerpo afucosilado
(trastuzumab) dirigido a una diana diferente (Her2) mostr6 una velocidad de
aclaramiento mas rapida en experimentos farmacocinéticos preclinicos que un
anticuerpo no modificado. (Declaracidn del inventor, parrafo 9).

Teniendo en cuenta estos datos, el Dr. Pierce sefiala que una persona normalmente
versada en la materia podria haber predicho que las versiones afucosiladas de los
anticuerpos de D1 también habrian alterado la farmacocinética, especificamente una
velocidad de eliminacion mas rapida (Declaracion del inventor, parrafo 9). Por lo que
se resalta que, una eliminacién mas rapida podria afectar negativamente la eficacia de
los anticuerpos al reducir la biodisponibilidad del anticuerpo (Declaracién del inventor,
parrafo 9).

Para explorar esta posibilidad en los anticuerpos de la presente invencion, el solicitante
Five Prime Therapeutics patrociné estudios farmacocinéticos en monos cynomolgus
para evaluar las tasas de eliminacién de anticuerpos anti-FGFR2IIIb fucosilados y
afucosilados. (Declaracion del inventor, parrafos 10 y 11.) El aclaramiento del
anticuerpo afucosilado no fue diferente del aclaramiento del anticuerpo fucosilado.
Como podria entender un versado en la materia, este resultado no se esperaba a la vista
de los datos anteriores sobre el anticuerpo anti-Her2 trastuzumab (Declaracién del
inventor, parrafo 9), puesto que, como se habia visto en estudios previos, se esperaba
que la tasa de aclaramiento fuera mayor y, en consecuencia, se afectara la
biodisponibilidad del anticuerpo. Por lo cual, es importante considerar que, en la
presente invencion, tras la modificacion por aglicosilaciéon, en especifico, por
aglucosilacion, se evidencié que el anticuerpo no presenté este inconveniente.
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Teniendo en cuenta lo anterior, una persona versada en la materia no habria llegado a
la conclusidn de que afucosilar los anticuerpos de D1 habria mejorado sus propiedades;
adicionalmente, no existe evidencia o sugerencia en los documentos D2 y D3 que
indique dicha mejora. Por el contrario, los efectos de tal modificaciéon habrian sido
inciertos o se esperaria que no tuvieran resultados positivos. En consecuencia, la
combinacién de los documentos D1 y D2 y, D1 y D3 no sugiere que afucosilar los
anticuerpos del documento D1 pudiera ser beneficioso o podria conducir a resultados
predecibles y mucho menos en la mejora de sus propiedades.

En resumen, la declaracién del Dr. Pierce proporciona evidencia de nuevos efectos
técnicos no conocidos en el campo técnico especifico. Esta declaracién proporciona
datos que muestran que los anticuerpos, de acuerdo con las presentes reivindicaciones,
tienen farmacocinética y toxicidad inesperadamente similares en monos cynomolgus y
ratas a sus correspondientes formas fucosiladas. (Declaracion del inventor, parrafos 10
-13).

Como senala el Dr. Pierce, ninguno de esos resultados se esperaba antes de realizar los
experimentos (Declaracion del inventor, parrafos 10 - 13). Ademas, se encontr6 que un
anticuerpo anti-FGFR2IIIb afucosilado, de acuerdo con las reivindicaciones que aqui se
presentan, tiene un perfil de seguridad aceptable en ensayos clinicos de Fase I.

Por todas estas razones, los anticuerpos reivindicados tienen nivel inventivo sobre las
combinaciones de los documentos D1 y D2, asi como de los documentos D1 y D3.

Teniendo en cuenta lo anterior, es evidente que el examinador falla en extrapolar los
resultados obtenidos en los documentos D2 y D3 a los anticuerpos obtenidos en el
documento D1, puesto que no tiene en cuenta que cualquier cambio realizado en
anticuerpos diferentes y que se dirigen a distintas dianas farmacolégicas tiene un efecto
impredecible en vista del conocimiento técnico en el campo. Por lo cual, es evidente que
la presente invencion es inventiva.

En vista de lo anteriormente expuesto, respetuosamente solicito el retiro de las
objeciones de la presente solicitud y la concesion del privilegio solicitado, ya que en
opinidn del solicitante cumple con todos los requisitos establecidos en la Decision 486.

Anexos

e Nuevo pliego reivindicatorio.

e Listado de secuencias.

e Declaracién del inventor.

e Curriculo del inventor.

e Articulo: Yoshino et. al. “Keratinocyte growth factor receptor expression in
normal colorectal epithelial cells and differentiated type of colorectal cancer”.

e Articulo: Reusch et. al. “Fc glycans of therapeutic antibodies as critical quality
attributes”.

e Articulo: Pelegrinet et. al. “DII1- and DII4-Mediated Notch Signaling Are Required
for Homeostasis of Intestinal Stem Cells”.
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e Articulo: Catenacci et al. “Updated Antitumor Activity and Safety of FPA144, an
ADCC-enhanced, FGFR2b Isoform-specific Monoclonal Antibody, in Patients with
FGFR2b+ Gastric Cancer”.

e Articulo: Juntila et al. “Superior In vivo efficacy of Afucosylated Trastuzumab in
the Treatment of HERZ2-amplified Breast Cancer”.

Atentamente,

JUAN PABLO CADENA SARMIENTO
T.P.No.57.492 del C.SJ.
C.C.80.410.337 de Usaquén

Calle 70 ANo. 4 - 41
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REIVINDICACIONES

1.  Una composicién que comprende una pluralidad de anticuerpos anti-FGFR2IIIb,
donde cada anticuerpo anti-FGFR2IIIb comprende regiones variables de cadena
pesada y cadena ligera, donde la region variable de cadena pesada comprende:

(i) HVR-H1 que comprende la secuencia de aminoacidos de la SEQ ID NO: 6;
(ii) HVR-H2 que comprende la secuencia de aminoacidos de la SEQ ID NO: 7; y
(iii) HVR-H3 que comprende la secuencia de aminoacidos de la SEQ ID NO: 8;

y la region variable de cadena ligera comprende:

(iv) HVR-L1 que comprende la secuencia de aminoacidos de la SEQ ID NO: 9;
(v) HVR-L2 que comprende la secuencia de aminoacidos de la SEQ ID NO: 10; y
(vi) HVR-L3 que comprende la secuencia de aminoacidos de la SEQ ID NO: 11;

donde al menos 95% de los anticuerpos anti-FGFR2IIIb en la composicion estan
afucosilados.

2. La composicion de la reivindicaciéon 1, donde el dominio variable de cadena
pesada comprende la secuencia de aminoacidos de la SEQ ID NO: 4.

3. La composiciéon de la reivindicacion 1 o la reivindicacion 2, donde el dominio
variable de cadena ligera comprende la secuencia de aminoacidos de la SEQ ID
NO: 5.

4, La composicion de la reivindicaciéon 1, donde el dominio variable de cadena
pesada comprende la secuencia de aminoacidos de la SEQ ID NO: 4 y el dominio
variable de cadena ligera comprende la secuencia de aminoacidos de la SEQ ID
NO: 5.

5. La composicién de cualquiera de las reivindicaciones 1 a 4, donde la cadena
pesada comprende la secuencia de aminoacidos de la SEQ ID NO: 2.

6. Lacomposicidn de cualquiera de las reivindicaciones 1 a 5, donde la cadena ligera
comprende la secuencia de aminodacidos de la SEQ ID NO: 3.

7.  La composicién de la reivindicaciéon 1, donde la cadena pesada comprende la
secuencia de aminoacidos de la SEQ ID NO: 2 y la cadena ligera comprende la
secuencia de aminoacidos de la SEQ ID NO: 3.

8. Lacomposicién de cualquiera de las reivindicaciones 1 a 7, donde los anticuerpos
son anticuerpos monoclonales.
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La composicién de cualquiera de las reivindicaciones 1 a 8, donde los anticuerpos
son anticuerpos quiméricos.

La composicidn de cualquiera de las reivindicaciones 1 a 9, donde los anticuerpos
son anticuerpos humanizados.

La composicion de cualquiera de las reivindicaciones 1 a 10, donde los
anticuerpos carecen de fucosa en Asn297.

La composicion de cualquiera de las reivindicaciones 1 a 11, donde los
anticuerpos comprenden una regién constante de cadena ligera k.

La composicion de cualquiera de las reivindicaciones 1 a 12, donde los
anticuerpos comprenden una region constante de cadena pesada IgG1.

Un método para producir anticuerpos anti- FGFR2IIIb afucosilados, dicho método
comprende la preparacidn de células huésped que comprenden el acido nucleico
que codifica el anticuerpo anti- FGFR2IIIb de cualquiera de las reivindicaciones 1
a 13, el cultivo de las células huésped en condiciones adecuadas para expresar el
acido nucleico que codifica el anticuerpo anti- FGFR2IIIb, y la recuperacion de los
anticuerpos anti- FGFR2IIIb producidos por las células huésped.

El método de la reivindicacion 14, en el que el cultivo se realiza en condiciones
adecuadas para la produccion de anticuerpos anti- FGFR2IIIb afucosilados.

El método de cualquiera de las reivindicaciones 14 o 15, donde al menos 95% de
los anticuerpos anti-FGFR2IIIb producido por la célula anfitriona estan
afucosilados.

El método de la reivindicacion 16 donde la fucosa es indetectable en los
anticuerpos anti-FGFR2IIIb producidos por la célula anfitriona.

El método de la reivindicacion 16 o 17, en donde la fucosa es detectada por un
método que comprende HPLC, electroforesis capilar, o espectrometria de masas
MALDI-TOF.

Una composicion farmacéutica que comprende la composicion de cualquiera de
las reivindicaciones 1 a 13 y un portador farmacéuticamente aceptable.
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Abstract

Critical quality attributes (CQA) are physical, chemical, biological or microbiological properties or
characteristics that must be within an appropriate limit, range or distribution to ensure the desired
product quality, safety and efficacy. For monoclonal antibody therapeutics that rely on fraction crys-
talizable (Fc)-mediated effector function for their clinical activity, the terminal sugars of Fc glycans
have been shown to be critical for safety or efficacy. Different glycosylation variants have also
been shown to influence the pharmacodynamic and pharmacokinetic behavior while other Fc glycan
structural elements may be involved in adverse immune reactions. This review focuses on the role
of Fc glycans as CQAs. Fc glycan information from the published literature is summarized and
evaluated for impact on patient safety, immunogenicity, bioactivity and pharmacodynamics/

pharmacokinetics.

Key words: biologic activity, critical quality attribute, Fc glycans, immunogenicity, therapeutic antibody

Introduction

Therapeutic monoclonal antibodies recognizing cell surface expressed
antigens, can engage Fcy receptors (FcyR) on effector cells (monocytes,
macrophages, natural killer (NK) cells, neutrophils, eosinophils and
dendritic cells), or bind to Complement 1q (C1q), and elicit immune
effector functions such as antibody-dependent cellular phagocytosis
(ADCP), antibody-dependent cell-mediated cytotoxicity (ADCC)
and complement-dependent cytotoxicity (CDC) (Ravetch 1997). Add-
itionally, direct apoptosis may be enhanced by effector cell dependent
crosslinking (Ravetch 1997). The family of FcyR mediating these ac-
tivities includes FcyRI, FcyRIla, FeyRIIb, FeyRIlla and FeyRIIIb [60-
62]. These receptors differ in their antibody binding affinities [FcyRI
binds with higher affinity to immunoglobulin G (IgG) than FcyRII and
FcyRIM] and can be characterized as either activating (FcyRI, FeyRIIa
and FcyRIII) or inhibitory (FeyRIIb).

Antibodies (also commonly referred to as immunoglobulins, or
IgG) consist of two heavy chains and two light chains. Each heavy
chain contains three domains, CH1, CH2 and CH3 with a hinge re-
gion between CH1 and CH2. The heavy chain contains biantennary
N-glycan structures linked to Asn297 in the CH2 domain (Jefferis

© The Author 2015. Published by Oxford University Press.

2009a). The two glycan chains on each of the CH2 domains are
often different and contribute to the asymmetrical binding of the frac-
tion crystalizable (Fc) to the Fc-receptors (Ferrara et al. 2006; Masuda
et al. 2007; Mimura et al. 2007; Jefferis 2012). Fc glycosylation also
stabilizes the Fc structure (Bowden et al. 2012). N-glycosylation is one
of the most important post-translational modifications and often re-
sults in a remarkable heterogeneity of protein glycoforms (Jefferis
2005; Beck et al. 2008). Depending on the recombinant expression
system, this may be a complex type, hybrid type or high-mannose
type structure (Durocher and Butler 2009; Jefferis 2009a). The use
of mammalian expression systems generally results in complex type
biantennary oligosaccharides in the Fc portions. These glycans may
have a core fucose and a bisecting N-acetylglucosamine. Moreover,
they can vary in terminal galactose and sialic acid content (see Figure 1
and Table I) (Parekh et al. 1985; Jefferis 2005; Durocher and Butler
2009; Jefferis 2009a). In addition, some IgGs contain additional
N-glycans in the variable regions of the fragment antigen binding
(Fab) portion. Fab N-glycans have been described to differ from the
oligosaccharides of the Fc region in that they are generally more highly
galactosylated and are more extensively decorated with sialic acids.
About 15-20% of IgG are glycosylated in the Fab part with no impact
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unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.
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Fig. 1. Ribbon model of an IgG1 (red: heavy chain; black: light chain; blue:
glycans) (drawn with pyMol).

to structure (Jefferis 2005; Holland et al. 2006; Huang et al. 2006;
Lim et al. 2008). However, Fab glycosylation is not within the scope
of this review.

Where the mechanism of action (MoA) involves immune-mediated
effector function, these activities can be greatly influenced by the Fc
glycosylation pattern. For example, a high degree of galactosylation
can promote activation of the complement system in vitro by increas-
ing Clq binding and CDC and could have modest effects on ADCC
(Hodoniczky et al. 2005; Nimmerjahn et al. 2007; Houde et al.
2010). It is also well known that decreases in core-fucose levels lead
to a pronounced increase in ADCC via increased affinity of IgG1 for
FeyRIIla on immune cells (Okazaki et al. 2004; Jiang et al. 2011). Re-
cent findings indicate that the lack of core fucose also promotes ADCP
mediated by FcyRIIla-positive monocytes and macrophages (Golay
et al. 2013; Herter et al. 2014). Differences in glycosylation patterns
can also lead to differences in the pharmacodynamic and pharmaco-
kinetic behavior (Newkirk et al. 1996; Goetze et al. 2011). In addition,
IgG glycan structural elements such as al1,3-bound galactose and
N-glycolylneuraminic acid (NGNA) may be involved in adverse im-
mune reactions (Zhu and Hurst 2002; Chung et al. 2008).

Table I. Glycostructures commonly found in the Fc portion of a therapeutic antibody

Name and composition

Classification

Structure

Exemplary relative abundance for a therapeutic antibody®

GOF [H3N4F1] Complex, fucosylated ; 35.5
O b |
G1F [H4N4F1] Complex, fucosylated 43.4
o [ :}r-;
G2F [HSN4F1 C lex, fi lated : 9.5
| ] omplex, fucosylate OB
G1FS [H4N4F1S1] Complex, fucosylated : 0.2
Ol
G2S1F [H5N4F1S1] Complex, fucosylated o I 0.7
G2S2F [H5N4F1S2] Complex, fucosylated P : 0.1
L JO8 | : =
GO [H3N4] Complex, nonfucosylated 4.6
G1 [H4N4 C lex, f lated il = 3.3
[ ] omplex, nonfucosylate o [ ] :* =E
'm
G2 [H5N4] Complex, nonfucosylated g:}._._. 0.3
GOF-N [H3N3F1] Hybrid (monoantennary) : 0.5
GO-N [H3N3] Hybrid (monoantennary) ._:)_“ 0.4
M5 [H5N2] High mannose : 1.5
M6 [H6N2] High mannose E 0.1

. N-acetylglucosamine; @), mannose; O, galactose; g, fucose; ., N-acetylneuraminic acid.

“Data from Reusch et al. (2015).
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In some cases, a correlation has been established between FcyRIlIa
phenotype and the clinical response, suggesting that ADCC activity
could contribute to clinical efficacy (Cartron et al. 2002; Musolino
et al. 2008; Bibeau et al. 2009). These results prompted the idea to
use glycoengineering as a means of improving efficacy (Beck et al.
2008). Glycoengineering is a process used to manufacture antibodies
lacking core fucose, which results in significantly higher binding affin-
ity of human IgG1 antibodies to human FcyRIlla, and consequently
greatly enhanced ADCC activity. Shinkawa et al. (2003) showed a
50-fold increase in ADCC by IgGls containing a high proportion of
afucosylated Fc glycans. Highly afucosylated antibodies can be gener-
ated by modifying the oligosaccharide biosynthesis activities in
various ways. For example, overexpression of N-acetylglucosamine-
transferase 111 (GnTIII) in the Golgi apparatus of the production cell
line generates bisected oligosaccharide structures associated with the
Fc constant region of the antibody and suppresses fucosylation. In
such expression systems, the level of GnTIII expression correlates
with the generation of afucosylated IgG1 glycoforms and resulting en-
hanced ADCC activity (Ferrara et al. 2006). Highly afucosylated anti-
bodies can also be produced using a fucosyltransferase-deficient
producer Chinese hamster ovary (CHO) cell line. In this technology,
both FUTS alleles are disrupted by homologous recombination, result-
ing in completely afucosylated recombinant IgGs (Mori et al. 2004;
Matsumiya et al. 2007).

A critical quality attribute (CQA) is defined as a physical, chem-
ical, biological or microbiological property or characteristic that
should be within an appropriate limit, range or distribution to ensure
the desired product quality, safety and efficacy (Shinkawa et al. 2003).
Identification of CQAs is a component of the quality by design (QbD)
approach to product development, along with identification of the
process parameters that affect these CQAs, the design and control of
manufacturing via in-process and quality control testing of critical
quality and performance attributes of raw and in-process materials
and processes that ensure manufacturing consistency. When the
mode of action of an antibody involves effector function, glycosyla-
tion represents one of the main sources of heterogeneity with potential
impact to safety and efficacy, making it a critical manufacturing
parameter to monitor. Therefore, a thorough characterization of
carbohydrate content, the structure of the carbohydrate chain, the
oligosaccharides and glycosylation sites present on the antibody is
critical (Shinkawa et al. 2003).

This review focuses on product-specific clinical and nonclinical in-
formation, analytical and biological characterization, general and
platform antibody knowledge and published literature.

Results

CQAs

The Annex to ICH Q8 defines CQAs as physical, chemical, biological
or microbiological properties or characteristics that should be within
an appropriate limit, range or distribution to ensure the desired prod-
uct quality, safety/immunogenicity, efficacy and pharmacodynamics/
pharmacokinetics (Table II).

Safety/immunogenicity

The criticality assessment of a CQA with respect to safety and im-
munogenicity cannot be performed independent of qualitative and
quantitative analysis of the various glycoforms and should take into
account nonclinical, e.g. investigational new drug-enabling tox stud-
ies, and clinical experience.

3
Table II. Impact of Fc glycans on safety/immunogenicity, biologic
activity/efficacy and clearance (PK/PD)
Glycan species Safety/ Biologic Clearance
immunogenicity activity/ (PK/PD)
efficacy

Galactose Unknown + Unknown
ol,3-galactose - Unknown Unknown
Fucose (=) ++ Unknown
Bisecting GlcNac ~ (—) + Unknown
High mannose Unknown + -
NANA Unknown (=) +
NGNA - (-) ¥
B1,2-Xylose/ - Unknown Unknown

ol1,3-Fucose
NGHC Unknown - (=)

+ Positive impact; — negative impact; ++ high positive impact; —— high

negative impact; (+/—) potential impact.

Safety is assessed based on nonclinical observations most often
from studies on primates such as cynomolgus monkey, as well as ob-
served clinical adverse events (AEs). These AEs can be target-related or
nontarget-related, i.e. “off-target effects”, anti-therapeutic antibody
(ATA) related or ATA-independent.

AEs include infusion-related reactions (IRR), injection site reac-
tions, hypersensitivity, anaphylaxis, rash, neutropenia, thrombocyto-
penia and so on. IRR may be linked to IgG Fc glycosylation, as certain
glycoforms can mediate complement activation. Furthermore, Fc gly-
cans that affect Fc effector functions may impact on safety either by
increasing otherwise low cell killing potential or through secondary
effects such as cytokine release triggered by the activation of effector
cells (Baldo 2013).

Biologic activity (efficacy)

While the glycosylation pattern is not known to affect the interaction
of an antibody with its target, it can greatly influence effector func-
tions by modulating binding to FcyRy on immune cells (Lund et al.
1995; Daeron 1997; Ravetch 1997; Gerber and Mosser 2001;
Ravetch and Bolland 2001; Sondermann et al. 2001; Radaev and
Sun 2002; Nimmerjahn and Ravetch 2006). Therefore, it is important
to consider the contribution of Fc effector function to the MoA as part
of the CQA assessment. This holds true independent of the classifica-
tion of therapeutic antibodies based on their putative mechanisms of
action (Class I MoA: cell-bound antigen with depletion; Class Il MoA:
cell-bound antigen with functional blocking; Class III MoA: soluble
antigen with blocking) (Jiang et al. 2011).

Clearance (PK/PD)

The neonatal Fc receptor (FcRn) plays a role in adult salvage of IgG.
FcRn in the acidic endosomes bind to IgG internalized through trans-
cytosis. The IgG is recycled to the cell surface and is released at the pH
of blood (so it is prevented from lysosomal degradation). While agly-
cosylation has profound impacts to effector function, the interaction
of IgG-Fc with FcRn is believed to be independent of Fc glycosylation
(Jefferis 2012). Changes of the levels of the different glycoforms of the
antibody as a component of circulation time are interpreted as arising
from differences in clearance rates. In principle, this could be due to
differences in binding to the FcRn (Ghetie and Ward 2000; Akilesh
et al. 2007; Roopenian and Akilesh 2007; Kuo et al. 2009; Tesar
and Bjorkman 2010) or to differences in the clearing rate mediated
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by C-type lectins such as dendritic cell-specific intercellular adhesion
molecule-3-grabbing nonintegrin (DC-SIGN) or nonclassical Fec-
binding receptors including mannose-binding lectin 2 (MBL2), Dectin
1 and the macrophage mannose receptor (MMR) (Wileman et al.
1986; Weis et al. 1998; Dong et al. 1999; Lee et al. 2002; Allavena
et al. 2004).

In general, the influence of Fc glycans on pharmacokinetics/
pharmacodynamics (PK/PD) is not well understood and the literature
concerning the effects of Fc glycosylation variability on PK properties
is ambiguous (Deng et al. 2012). While some reports show no impact
to PK for different glycospecies (Harris 2005; Huang et al. 2006;
Jones et al. 2007; Millward et al. 2008; Chen et al. 2009), others re-
port changes in PK (Wright and Morrison 1994; Newkirk et al. 1996;
Kanda et al. 2007).

In contrast, Leabman et al. performed a comprehensive analysis re-
garding the impact of glycosylation on PK in cynomolgous monkey.
This assessment includes data from aglycosylated antibodies generated
via engineering (N297A, N297G) or by production in Escherichia
coli, an antibody with a (L234A/L235A) LALA mutation as well as
glycoengineered antibodies. The antibodies targeted different antigen
types, including highly expressed multi-transmembrane receptors,
soluble cytokines, cell surface proteins and ligands. The results of
this comprehensive study demonstrated that antibodies with differ-
ences in glycosylation that significantly alter FcyRIIIa binding show
no differences in PK (Leabman et al. 2013). The inclusion of a
broad range of antibody targets in this study increases the likelihood
that these findings are broadly applicable. Several studies have shown
that glycoproteins, i.e. IgG-Fc fusion proteins with terminal N-acetyl-
glucosamine residues, are thought to be cleared by means of the man-
nose receptor. However, this clearance was mediated by N-
acetylglucosamine in the receptor region and the Fc glycan ratio did
not change (Jones et al. 2007; Keck et al. 2008).

Fc-glycans may not be accessible to asialoglycoprotein or mannose
receptors that could mediate antibody clearance. Tao and Morrison
(1989) showed that the serum half-life of aglycosylated IgG-Gln
[IgG1 with one N-acetyl-glucosamine (GlcNAc)] in mice remains the
same as for wild-type IgG1. However, Dong et al. (1999) found an in-
crease in binding and uptake of agalactosyl IgG by mannose receptor
on macrophages and dendritic cells.

Impact of Fc glycans

al,3-Galactose

IgG glycan structural elements such as a1,3-bound galactose may be
involved in adverse immune reactions. In humans, anti-a1,3-galactose
IgG constitutes as much as 1% of circulating IgG. This glycovariant is
unique among endogenous human antibodies because of its atypically
high concentration in serum (30-100 pg/mL) and its presence in all
humans (Galili et al. 1984).

Therapeutic monoclonal antibodies produced in murine myeloid
cell lines like SP2/0 or NSO contain a.1,3-gal structures on their Fc gly-
cans (Larsen et al. 1989; Sheeley et al. 1997; Chung et al. 2008). It is
generally accepted that CHO cells lack the biosynthetic machinery to
synthesize glycoproteins with a1,3-gal moieties (Jenkins et al. 1996).
Bosques et al. determined that CHO 1,3-a-galactosyltransferase-1 is
active and detected a1,3-gal on two of their products; however,
these products were CTLA4-Fc fusion proteins, and the o1,3-gal
was on the CTLA4 portion. The authors indicated that this may be
a phenomenon resulting during single cell cloning of the production
cell line, and that this does not occur in all CHO cells (Bosques
et al. 2010).

There are several reports discussing the role of a1,3-gal epitope in
xenotransplantation and on glycoproteins (Borrebaeck et al. 1993;
Galili 2001; Deglon et al. 2003). The most relevant case is that of ce-
tuximab, a chimeric IgG1 monoclonal antibody (mAb) against the epi-
dermal growth factor receptor that is approved for use in colorectal
cancer and squamous-cell carcinoma of the head and neck. While ce-
tuximab is glycosylated on both its Fc and Fab domains, the a1,3-gal
structures are found only on the Fab portion (Qian et al. 2007). This
may be related to the sequence in the CDR and the fact that cetuximab
is produced using SP2/0 cells.

Chung et al. reported a high prevalence of hypersensitivity reac-
tions to cetuximab in some regions of the United States. In most of
the subjects who exhibited a hypersensitivity reaction, IgE antibodies
specific for the galactose-a-1,3-galactose on cetuximab were present in
serum prior to therapy (Chung et al. 2008).

In contrast, van Lammerts et al. reported that anti-a1,3-gal IgE
from allergic patients do not bind o1,3-galactosylated glycans on
intact therapeutic antibody Fc domains. The authors showed that ce-
tuximab was bound by o-Gal-specific IgE antibodies in the serum
of patients and that this binding is restricted to the Fab domain.
Cetuximab Fc domains were not bound even though they contained
detectable amounts of a1,3-gal. This is believed to be due to the in-
accessibility of the a-Gal moiety in the Fc domain, since binding is ob-
served due to glycan exposure following proteolytic digest. The
authors observed an increased affinity of a1,3-gal IgE antibodies for
glycostructures on the Fab domain bearing two o1,3-gal moieties
suggesting that therapeutic mAbs produced in rodent cell lines, and
only glycosylated in their Fc domains, are not recognized by
al,3-gal-specific IgE antibodies (Lammerts van Bueren et al. 2011).
In conclusion, based on the literature, a1,3-gal in Fc-glycans may be
a CQA concerning safety/immunogenicity. It should be closely moni-
tored if Sp2/0 or NSO cells are used for production of therapeutic
antibodies.

p1,2-xylose and a1,3-fucose

Plants are attractive hosts for the manufacture of recombinant protein
therapeutics as they are relatively inexpensive systems that can be read-
ily scaled up. However, plant-derived monoclonal antibodies contain
complex N-glycans containing B(1,2)-xylose and a.1,3-fucose residues
not present in humans and are therefore regarded as “carbohydrate
cross-reactive determinants” in IgE from sera of allergic patients
(Tekoah et al. 2004). The glycan-specific IgE show 23% prevalence
and have been found at levels up to 71% in individuals with multiple
pollen sensitivity. However, the clinical relevance of these reactive IgE
remains unclear. Strasser et al. used RNAi to successfully silence Xyl T,
the gene coding for B1,2-xylotransferase, in tomato plants and demon-
strated a patient-specific reduction in IgE reactivity in their studies
(Paulus et al. 2011). Arabidopsis thaliana knockouts of the XylT (en-
coding B1,2-xylotransferase) and FucT (encoding 1,3 fucosyl trans-
ferase) genes have also been generated that are viable with no obvious
phenotype. This represents a path forward in the production of pro-
tein biotherapeutics with human type N-glycosylation (Strasser et al.
2004). In conclusion if plants are used to produce therapeutic anti-
bodies and the transferases are not silenced, p1,2-xylose and a1,3-
fucose should be taken into account as CQAs.

N-glycolylneuraminic acid

Glycans of therapeutic proteins that are produced in SP2/0, NSO and,
to a much lesser extent, in CHO cell lines are often modified with the
non-human sialic acid N-glycolylneuraminic acid (Neu5Gc; NGNA)
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(Hokke et al. 1990; Noguchi et al. 1996). Humans do not synthesize
NGNA as the gene encoding CMP-N-acetylneuraminic acid hydroxy-
lase, which produces CMP-NGNA from CMP-N-acetylneuraminic
acid (NANA), is mutated (Varki 2007). It was previously thought
that healthy humans did not react to NGNA; however, more recent
findings suggest that all humans have anti-NGNA antibodies, some
at levels up to 0.1-0.2% of circulating IgG. This may be due to dietary
exposure, and the subsequent incorporation of NGNA into human
proteins (Tangvoranuntakul et al. 2003; Padler-Karavani et al.
2008). Padler-Karavani et al. (2008) suggested that the ongoing anti-
gen—antibody reaction may generate chronic inflammation, possibly
contributing to the high frequency of diet-related carcinoma and
other diseases in humans.

It has been demonstrated that many humans produce antibodies
against oligosaccharide structures with terminal NGNA (Zhu and
Hurst 2002). The potential impact of NGNA was evaluated by
Durocher and Butler (2009) who indicated that this immunogenicity
can reduce efficacy due to rapid clearance of the biotherapeutic, or
alternatively, prevent drug re-administration due to an undesirable
immune response. As these ATAs represent the first obstacle to xeno-
transplantation in humans, they are clinically significant from a safety
perspective (Milland and Sandrin 2006; Higgins 2010).

Biotherapeutics produced in human cell lines may also become
contaminated with NGNA that is incorporated from animal-derived
culture medium materials (Ghaderi et al. 2010). NGNA in cells is re-
cycled in lysosomes and incorporated into glycoproteins (Bardor et al.
2005).

In conclusion, NGNA on Fc-glycans is potentially immunogenic
and for this reason is most probably a CQA.

Terminal sialic acid

The anti-inflammatory activity of immunoglobulin has repeatedly
been linked to Fc sialylation, which may lead to decreased ADCC ac-
tivity and, in some cases, even affect target binding (Fukushima and
Takasaki 1993; Kaneko et al. 2006; Scallon et al. 2007; Anthony,
Nimmerjahn, et al. 2008; Anthony, Wermeling et al. 2008; Nimmer-
jahn and Ravetch 2008). In general, the amount of sialylated Fc gly-
cans of therapeutic antibodies is very low (Jefferis 2006).

In conclusion if there is a significant amount of sialylated glycans,
and ADCC is part of the MoA of the therapeutic antibody, the influ-
ence of sialylation on FeyRIIla binding and ADCC should be deter-
mined in vitro as part of the CQA assessment.

al,6-core fucose

Changes in the levels of afucosylated glycostructures on therapeutic
antibodies may be of concern from a safety perspective. Toxicity due
to off-target binding may also be a concern for antibodies with higher
ADCC. Jiang et al. indicate that increased afucosylation leading to in-
creased effector function is a potential safety concern for monoclonal
antibodies with moderate or low effector function (Jiang et al. 2011).

Increased crosslinking of activating FcyRs due to higher levels of
afucose may also be a safety concern due to the additional release of
proinflammatory cytokines such as tumor necrosis factor (TNF)-o. and
IFNy.

The lack of core fucose (i.e. the o1,6-linked fucose on the GlcNAc
residue involved in the amide bond with the asparagine of the
N-glycosylation site) on the carbohydrate moiety linked to the Fc re-
gion of an IgG molecule leads to a pronounced increase in ADCC via
increased affinity for the FcyRIIla expressed on immune cells such as
NK cells and macrophages (Rothman et al. 1989; Umana et al. 1999;

Shields et al. 2002; Niwa et al. 2004; Okazaki et al. 2004;
Yamane-Ohnuki et al. 2004; Peipp et al. 2008; Chung et al. 2012).
Additionally, the absence of core fucose leads to increased
Fc-dependent binding to FeyRIII positive nonclassical/intermediate
monocytes and macrophages, which translates into increased ADCP
(Herter et al. 2014). In contrast, binding to FcyRI and II-positive
and FcyRIlI-negative classical monocytes, as well as ADCP-mediated
by these cells, remain unchanged, irrespective of fucosylation levels
(Herter et al. 2014).

While afucosylation increases ADCP in glycoengineered anti-
bodies, the impact on ADCP due to small variations in afucosylation
levels resulting from standard CHO-based manufacturing processes
remains to be assessed. Finally, increased afucosylation has not been
demonstrated to have any impact on CDC activity.

Studies by Junttila et al. highlighted the impact of afucosylation on
pharmacological properties and half-life of an IgG1, relative to a wild-
type control. In these studies, afucosylated trastuzumab displayed
moderately altered pharmacokinetic dispositions compared with tras-
tuzumab, slightly faster elimination from the circulation, and a modest
reduction in half-life (Junttila et al. 2010). The authors hypothesized
that the faster clearance may result from the differential bio-
distribution that leads to the enrichment of antibodies to immune
effector cell-rich organs due to the increased FcyRIII affinity. In con-
clusion concerning the scientific literature there is no clear evidence
that afucosylated Fc glycans might be of concern for safety.

There is clear evidence that afucosylated Fc glycans increase
ADCC and if ADCC is part of the MoA, afucosylated Fc-glycans
are always likely to be a CQA concerning efficacy.

Bisecting GlcNAc
CHO cells lack the gene encoding GnTIIL. Therefore antibodies pro-
duced in CHO cells lack detectable bisecting GlcNAc glycostructures
(Durocher and Butler 2009). GnTIII overexpressed in antibody-
producing cells catalyzes the addition of GlcNAc¢ to N-linked oligosac-
charides. The addition of bisecting GlcNAc inhibits core-fucosylation
and conversion of hybrid to complex glycans (Ferrara et al. 2006).
In general, glycostructures containing bisecting GIcNAc are abun-
dant in human polyclonal IgG and are not a considered a safety con-
cern (Jefferis 2009a). Recently, Ritamo et al. (2013) showed that 7%
of the Fe-glycans on intravenous IgG (IVIG) contain glycan structures
with bisecting GIcNAc (analyzed at the glycopeptide level) (Ritamo
et al. 2013). Therefore, it is unlikely that ATAs are produced against
the bisecting GlcNAc epitope. In summary, bisecting GlcNac struc-
tures are not a safety issue.

Galactose

Highly galactosylated glycostructures on therapeutic antibodies may
be of concern as they increase in vitro C1q-binding and CDC activity
(Boyd et al. 1995; Tsuchiya et al. 1989). Increased galactosylation of
CHO-derived antibodies has been shown to increase FcyRII and
FcyRIlla binding as measured using surface plasmon resonance
(Ritamo et al. 2013). Additionally, it has been demonstrated that
the increased galactosylation enhances ADCC activity (Jiang et al.
2011). However, the impact of galactosylation is subtle compared
with the impact of afucosylation (Ritamo et al. 2013).

Several reports indicate that a high degree of galactosylation pro-
motes increased binding to C1q leading to enhanced activation of the
complement system and CDC activity (Hodoniczky et al. 2005;
Jefferis 2009a; Nimmerjahn et al. 2007). Similar effects have been ob-
served for the glycoengineered therapeutic antibody obinutuzumab



D Reusch and M L Tejada

in vitro, although CDC is not considered to be a relevant in vivo activ-
ity. Several reports state that the extent of terminal galactosylation
does not affect ADCC in standard IgG1 antibodies (Boyd et al.
1995; Shinkawa et al. 2003; Hodoniczky et al. 2005). Another report
found that terminal galactosylation has a positive effect on FcyRIIla
binding (Houde et al. 2010). We have recently demonstrated enhanced
ADCC upon enzymatic hypergalactosylation of four different mono-
clonal antibodies produced using standard CHO manufacturing pro-
cesses (Tejada et al. submitted; Thomann et al. 2015). We also showed
that elevated levels of terminal galactose have no effect on ADCC of
two different glycoengineered therapeutic antibodies (Thomann et al.
2015), indicating that the extent to which terminal galactose modu-
lates ADCC depends on the background level of afucosylation. Lastly,
we quantitatively compared the effects of galactosylation and afucosy-
lation in the context of glycan heterogeneity to demonstrate that while
galactose can influence ADCC activity, afucosylation remains the pri-
mary driver of this activity.

Karsten et al. (2012) recently reported an anti-inflammatory activ-
ity of IgG1 mediated by Fc galactosylation and association of FcyRIIb
and dectin-1. The authors concluded that high N-glycan galactosyla-
tion of IgG1 molecules promotes cooperative signaling of the FcyRIIb
with dectin-1, resulting in an inhibitory signaling pathway that blocks
proinflammatory effector functions.

In conclusion if CDC is part of the MoA for a therapeutic antibody
the impact of galactosylation levels reflecting the manufacturing ex-
perience should be considered as it relates to efficacy during CQA as-
sessment. If ADCC is part of the MoA of the therapeutic antibody, the
impact of galactosylation should be determined by in vitro studies as
part of CQA assessment.

High mannose glycostructures

No data or direct evidence in the literature supports the immunogen-
icity of high mannose glycan structures (Pacis et al. 2011). Studies by
Zhou et al. reported enhanced FcyRIIla binding and ADCC in anti-
bodies with oligomannose-type glycans generated using kifunensine
(Yu et al. 2012). Kanda et al. (2007) generated core fucose-lacking
human IgG1 antibodies with three different N-linked Fc oligosacchar-
ides, namely, a high-mannose, hybrid and complex type, using the
same producing clone. They demonstrated that the mannosylated gly-
costructures could induce ADCC via FcyRIIla binding but to a lesser
extent than the hybrid and complex structures. The same holds true
for CDC and C1q binding. More recently, Yu et al. (2012) confirmed
that high mannose glycoforms exhibited higher FcyRIIla binding and
ADCC activity as well as decreased C1q binding and CDC activity.

In general, core fucose is absent in the highly mannosylated glyco-
forms generated. Therefore, it remains unclear if the observed in-
creases in FcyRIIla binding and ADCC activity are due to the
presence of multiple mannose moieties, or the absence of core fucose.
The reduced Clq binding and CDC activity observed in these studies
may also reflect the lack of terminal galactose in these highly manno-
sylated forms.

Recent studies show clear evidence for selective clearance of oligo-
mannose forms of IgG1 and IgG2 most likely via a mannose receptor-
mediated mechanism (Goetze et al. 20115 Alessandri et al. 20125 Yu
etal. 2012). Goetze et al. (2011) used IgG1 and IgG2 in human studies
to demonstrate that Man35 isoforms were preferentially removed from
circulation, independent of the route of administration. In conclusion
if there is a significant amount of mannosylated glycans and if ADCC
is part of the mode of action of a therapeutic antibody, mannosylation
may be a CQA concerning efficacy. Additionally, there is clear

evidence that oligomannose bearing IgGs are faster cleared than others
and therefore may be a CQA concerning PK/PD.

Nonglycosylated heavy chain

Jung et al. (2011) concluded that the unmasking of the region around
Asn297 does not result in the formation of a neo-epitope. At present, no
adverse immunogenicity effects associated with high levels of nonglyco-
sylated heavy chain (NGHC) have been reported in any clinical study.
Furthermore, antibodies with high levels of NGHC have significantly
reduced bioactivity and effector function. Therefore, NGHC is likely
not a concern from a safety or immunogenicity perspective. Aglycosy-
lation of Asn297 completely abolishes binding to FeyRIII and reduces
the binding affinity to C1q 10-fold (Tao and Morrison 1989; Mimura
et al. 2000). The reduced binding affinity of aglycosylated antibodies
abrogates both ADCC and CDC activities (Tao and Morrison 1989;
Lund et al. 1996; Sazinsky et al. 2008; Jefferis 2009b; Jung et al.
2010, 2011). Ha et al. isolated hemi-glycosylated mAb (mAb with
only one heavy chain being glycosylated and the other one being agly-
cosylated). It was separated from fully glycosylated and aglycosylated
forms using cation-exchange chromatography (Ha et al. 2011).These
studies demonstrated that the hemi-glycosylated mAb had decreased
binding to all FcyR including both activating and inhibiting receptors.
The hemi-glycosylated form also showed decreased ADCC using per-
ipheral blood mononuclear cells as effector cells. The studies also
showed a modest, but statistically significant, decrease in C1q binding
for the hemi-glycosylated mAb. Shatz et al. (2013) generated heterodi-
mers with different glycan structures and showed that removal of fucose
from only one chain of a fully glycosylated heterodimer is sufficient to
fully restore ADCC activity relative to a wild-type molecule. However,
reduced potencies were observed for hemi-glycosylated or hemi-
glycosylated-hemi-afucosylated heterodimers, relative to wild-type or
a fully glycosylated heterodimer. These studies showed that afucosyla-
tion has a significant impact on the ADCC activity of the hemi-
glycosylated species; however, the impact of afucosylation is far greater
when both heavy chains are glycosylated. Aglycosylated antibodies
have been shown to exhibit conformational changes, decreased thermal
stability, increased tendency to aggregate and loss of effector functions
(Ghirlando et al. 1999; Hristodorov et al. 2013). Evidence regarding
the impact of aglycosylation on PK is inconclusive as there are studies
demonstrating decreased and normal half-life. For example, compari-
sons of recombinant chimeric or mouse monoclonal antibodies against
N297A mutant versions in mouse or rat show reduced half-lives for the
mutant aglycosylated antibodies compared with their wild-type coun-
terparts (Wawrzynczak et al. 1989, 1992).

In contrast, Hristodorov et al. (2013) generated six different wild-
type antibodies and compared them to aglycosylated versions, gener-
ated via N297A mutation. The aglycosylated antibodies were found to
be less stable and displayed a propensity to aggregate when subjected
to low pH reflecting viral inactivation conditions common in the anti-
body manufacturing process. The PK properties of both wild-type and
aglycosylated antibodies were determined to be nearly identical in rat
studies. Tao and Morrison (1989) used a chimeric mouse-human IgG
and found a shorter half-life for aglycosylated IgG3 compared with
that of wild-type IgG3 in mice, while no change was observed for agly-
cosylated IgG1 compared with wild-type IgG1 (Tao and Morrison
1989). Jung et al. (2011) state that aglycosylated antibodies display
PK that are at least comparable to that of “normal” IgG therapeutics.

In conclusion, the literature is not quite clear here and if there is a
significant amount of NGHC the influence on product quality should
be assessed by in vitro studies to decide if it is a CQA or not.
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Discussion

The QbD paradigm requires an in-depth understanding of (i) the
mechanism(s) of action of the biotherapeutic, which are associated
with the desired clinical activity, (ii) the properties (CQA) of
the biotherapeutic that are associated with the desired clinical activ-
ity, (iii) the process parameters that impact the CQA and (iv) the con-
trol of the manufacturing process through a timely analysis and
monitoring of the CQA, along with appropriate control of process
components such as raw and in-process materials. This ensures
that the product with the desired qualities is achieved consistently
over time.

For mAb therapeutics specifically, glycosylation is one of the most
relevant post-translational modifications in the manufacturing pro-
cess. This results in remarkable heterogeneity of the antibody glyco-
forms. The diverse set of hosts used by industry in the manufacture
of monoclonal antibodies also increases this glyco-heterogeneity,
which can be critical to antibodies associated with MoAs such as
CDC, ADCC and ADCP.

Different glycovariants such as high mannose, have been reported
to reduce the serum half-life of therapeutic antibodies while other Fc
glycan structural elements such as a1,3-bound galactose and NGNA
may be involved in adverse immune reactions. Both should be consid-
ered in terms of efficacy and safety, respectively.

The intimate relationship established between Fc glycosylation
of the mechanisms associated with the clinical activity of therapeut-
ic antibodies makes the thorough analysis and characterization
of the glycosylation-specific CQA critical to the appropriate assess-
ment of the impact that changes observed in specific glycovariants
may have on safety and/or efficacy. This information can appro-
priately inform manufacturing process development such that
these processes are more finely adjusted to deliver the desired Fc
glycosylation.
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other therapeutic indications including inflammatory bowel disease, mucositis, radiation
proctitis, and other regenerative medicine indications
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EDUCATION:

Postdoctoral Fellow, 1998-2002, Howard Hughes Medical Institute, Duke University
Medical Center, Durham, NC

o Advisor: Robert J. Lefkowitz, M.D.

o Research Topic: Mechanisms of G-Protein Coupled Receptor Signaling to MAPK

Cascades and Cross Talk with Receptor Tyrosine Kinases

Ph.D. Pharmacology/ Toxicology, University of Arizona, Tucson, AZ

o Dissertation Adviser: John W. Regan, Ph.D.

o Dissertation Title: The FP Prostanoid Receptor: Isoforms and Functional Studies
B.A. English, Bates College, Lewiston, ME

SKILLS:

Leadership of program teams from lead identification through Phase 1 testing

Extensive animal experience including establishment of both subcutaneous and orthotopic
patient derived xenograft models

Development and execution of complex HTS assays including cell signaling ELISAs and
multiplex assays such as luminex

Expert in cell signaling, especially G-protein coupled receptor and receptor tyrosine kinase
signaling

Experience with many different functional assays including ligand binding, ELISA,
traditional second messenger signaling, gene reporter assays, western blotting

Extensive experience with cell culture, including primary cell cultures, establishment of
new tumor initiating cell lines, mouse embryonic stem cells, and mouse embryo fibroblast
cell line establishment from genetically modified animals. Transfection experience with a
number of systems including electroporation, retroviral and adenoviral based systems
Protein purification from a number of systems including E. coli and mammalian systems
Molecular biology experience including subcloning, cDNA and genomic library screening,
southern and northern blotting, in vitro transcription and translation

Excellent writing and computer skills

Currently stand on both the laboratory operations committee and the laboratory purchasing
committee
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Thr

Glu

Tyr

Thr

Phe

Cys

Val

150

Gln

Ser

His

Cys

Listado de secuencias_r45_135461
Tyr Cys Gln Gln His Ser Thr Thr Pro

Lys

Pro

Leu

135

Asp

Asp

Lys

Gln

Artificial sequence

Synthetic

4

Leu

Pro

120

Leu

Asn

Ser

Ala

Gly
200

Glu

105

Ser

Asn

Ala

Lys

Asp

185

Leu

90

Ile

Asp

Asn

Leu

Asp

170

Tyr

Ser

Lys

Glu

Phe

Gln

155

Ser

Glu

Ser

Arg

Gln

Tyr

140

Ser

Thr

Lys

Pro

Thr

Leu

125

Pro

Gly

Tyr

His

Val
205

Val

110

Lys

Arg

Asn

Ser

Lys

190

Thr

95

Ala

Ser

Glu

Ser

Leu

175

Val

Lys

Tyr

Ala

Gly

Ala

Gln

160

Ser

Tyr

Ser

Gln Val Gln Leu Val Gln Ser Gly Ala Glu Val Lys Lys Pro Gly Ser

1

5

10
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Ser

Asn

Gly

Lys

65

Met

Ala

Ser

Val

Val

Ser

50

Gly

Glu

Arg

Ser

<210>
<211>
<212>
<213>

<220>
<223>

<400>

Lys Val
20

His Trp
35

Ile Tyr

Arg Ala

Leu Ser

Gly Asp

100

5
107
PRT

Ser

Val

Pro

Thr

Ser

85

Phe

Cys

Arg

Asp

Ile

70

Leu

Ala

Listado de secuencias_r45_135461

Lys Ala Ser Gly Tyr Ile Phe

Gln

Asn

55

Thr

Arg

Tyr

Artificial sequence

Synthetic

5

Ala

40

Gly

Ala

Ser

Trp

25

Pro

Asp

Asp

Glu

Gly
105

Gly

Thr

Lys

Asp

90

Gln

Gln

Ser

Ser

75

Thr

Gly

Gly

Tyr

60

Thr

Ala

Thr

Leu

45

Asn

Ser

Val

Leu

Thr

30

Glu

Gln

Thr

Tyr

Val
110

Thr

Trp

Asn

Ala

Tyr

95

Thr

Tyr

Ile

Phe

Tyr

80

Cys

Val

Asp Ile Gln Met Thr Gln Ser Pro Ser Ser Leu Ser Ala Ser Val Gly

1

5

10

15

Asp Arg Val Thr Ile Thr Cys Lys Ala Ser Gln Gly Val Ser Asn Asp

20

25
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30



Val Ala

Tyr Ser
50

Ser Gly
65

Glu Asp

Thr Phe

<210>
<211>
<212>
<213>

<220>
<223>

<400>

Trp Tyr
35

Ala Ser

Ser Gly

Ile Ala

Gly Gln
100

6
5
PRT

Gln

Tyr

Thr

Thr

85

Gly

Gln

Arg

Asp

70

Tyr

Thr

Listado de secuencias_r45_135461
Lys Pro Gly Lys Ala Pro Lys Leu Leu
40 45

Tyr Thr Gly Val Pro Ser Arg Phe Ser
55 60

Phe Thr Phe Thr Ile Ser Ser Leu Gln
75

Tyr Cys Gln Gln His Ser Thr Thr Pro
90 95

Lys Leu Glu Ile Lys
105

Artificial sequence

Synthetic

6

Thr Tyr Asn Val His

1

<210>
<211>
<212>
<213>

<220>
<223>

<400>

7
17
PRT

5

Artificial sequence

Synthetic

7

Ile

Gly

Pro

80

Tyr

Ser Ile Tyr Pro Asp Asn Gly Asp Thr Ser Tyr Asn Gln Asn Phe Lys

1

5

10 15
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Gly

<210>
<211>
<212>
<213>

<220>
<223>

<400>

Listado de secuencias_r45_135461

8

5

PRT

Artificial sequence

Synthetic

8

Gly Asp Phe Ala Tyr

1

<210>
<211>
<212>
<213>

<220>
<223>

<400>

5

9

11

PRT

Artificial sequence

Synthetic

9

Lys Ala Ser Gln Gly Val Ser Asn Asp Val Ala

1

<210>
<211>
<212>
<213>

<220>
<223>

<400>

5 10

10

7

PRT

Artificial sequence

Synthetic

10

Ser Ala Ser Tyr Arg Tyr Thr

1

<210>
<211>

5

11
9
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<212>
<213>

<220>
<223>

<400>

Gln Gln His

1

<210>
<211>
<212>
<213>

<400>

PRT

Listado de secuencias_r45_135461

Artificial sequence

Synthetic

11

12
800
PRT

5

Homo sapiens

12

Arg Pro Ser Phe

1

Pro

Pro

Ile

Val

65

Ser

Trp

Glu

Pro

Gly

Ser

50

Leu

Gly

Tyr

Asp

Thr Lys
20

Glu Ser
35

Trp Thr

Ile Gly

Leu Tyr

Phe Met

100

Asp Thr

Ser

Tyr

Leu

Lys

Glu

Ala

85

Val

Asp

Leu

Gln

Glu

Asp

Tyr

70

Cys

Asn

Gly

Val

Ile

Val

Gly

55

Leu

Thr

Val

Ala

Glu

Ser

Arg

40

Val

Gln

Ala

Thr

Glu

Ser Thr Thr Pro Tyr Thr

Asp

Gln

25

Cys

His

Ile

Ser

Asp

105

Asp

Thr

10

Pro

Leu

Leu

Lys

Arg

90

Ala

Phe

Thr

Glu

Leu

Gly

Gly

75

Thr

Ile

Val

Pagina

Leu

Val

Lys

Pro

60

Ala

Val

Ser

Ser

Glu

Tyr

Asp

45

Asn

Thr

Asp

Ser

Glu

Pro

Val

30

Ala

Asn

Pro

Ser

Gly

110

Asn

Glu

15

Ala

Ala

Arg

Arg

Glu

95

Asp

Ser

Glu

Ala

Val

Thr

Asp

80

Thr

Asp

Asn



Asn

Leu

145

Gly

Phe

Trp

Thr

Leu

225

Leu

Cys

Val

Lys

Val

Lys

130

His

Gly

Lys

Ser

Cys

210

Asp

Pro

Lys

Glu

Val

290

Leu

115

Arg

Ala

Asn

Gln

Leu

195

Val

Val

Ala

Val

Lys

275

Leu

Tyr

Ala

Val

Pro

Glu

180

Ile

Val

Val

Asn

Tyr

260

Asn

Lys

Ile

Pro

Pro

Met

165

His

Met

Glu

Glu

Ala

245

Ser

Gly

Ala

Arg

Tyr

Ala

150

Pro

Arg

Glu

Asn

Arg

230

Ser

Asp

Ser

Ala

Asn

Listado de secuencias_r45_135461

Trp

135

Ala

Thr

Ile

Ser

Glu

215

Ser

Thr

Ala

Lys

Gly

295

Val

120

Thr

Asn

Met

Gly

Val

200

Tyr

Pro

Val

Gln

Tyr

280

Val

Thr

Asn

Thr

Arg

Gly

185

Val

Gly

His

Val

Pro

265

Gly

Asn

Phe

Thr Glu

Val Lys
155

Trp Leu
170

Tyr Lys

Pro Ser

Ser Ile

Arg Pro

235

Gly Gly

250

His Ile

Pro Asp

Thr Thr

Glu Asp

Pagina

Lys

140

Phe

Lys

Val

Asp

Asn

220

Ile

Asp

Gln

Gly

Asp

300

Ala

125

Met

Arg

Asn

Arg

Lys

205

His

Leu

Val

Trp

Leu

285

Lys

Gly

Glu

Cys

Gly

Asn

190

Gly

Thr

Gln

Glu

Ile

270

Pro

Glu

Glu

Lys

Pro

Lys

175

Gln

Asn

Tyr

Ala

Phe

255

Tyr

Ile

Tyr

Arg

Ala

160

Glu

His

Tyr

His

Gly

240

Val

His

Leu

Glu

Thr



305

Cys

Thr

Asp

Cys

Lys

385

Ile

Met

Thr

Glu

Pro

465

Gly

Met

Leu

Val

Tyr

Met

370

Pro

Pro

Asn

Ala

Asp

450

Leu

Ile

Leu

Ala

Leu

Leu

355

Val

Asp

Leu

Ser

Asp

435

Pro

Gly

Asp

Lys

Gly

Pro

340

Glu

Val

Phe

Arg

Asn

420

Thr

Lys

Glu

Lys

Asp

Asn

325

Ala

Ile

Thr

Ser

Arg

405

Thr

Pro

Trp

Gly

Asp

485

Asp

310

Ser

Pro

Ala

Val

Ser

390

Gln

Pro

Met

Glu

Cys

470

Lys

Ala
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Ile

Gly

Ile

Ile

375

Gln

Val

Leu

Leu

Phe

455

Phe

Pro

Thr

Gly

Arg

Tyr

360

Leu

Pro

Thr

Val

Ala

440

Pro

Gly

Lys

Glu

Ile

Glu

345

Cys

Cys

Ala

Val

Arg

425

Gly

Arg

Gln

Glu

Lys

Ser

330

Lys

Ile

Arg

Val

Ser

410

Ile

Val

Asp

Val

Ala

490

Asp

315

Phe

Glu

Gly

Met

His

395

Ala

Thr

Ser

Lys

Val

475

Val

Leu

Pagina

His

Ile

Val

Lys

380

Lys

Glu

Thr

Glu

Leu

460

Met

Thr

Ser

Ser

Thr

Phe

365

Asn

Leu

Ser

Arg

Tyr

445

Thr

Ala

Val

Asp

Ala

Ala

350

Leu

Thr

Thr

Ser

Leu

430

Glu

Leu

Glu

Ala

Leu

Trp

335

Ser

Ile

Thr

Lys

Ser

415

Ser

Leu

Gly

Ala

Val

495

Val

320

Leu

Pro

Ala

Lys

Arg

400

Ser

Ser

Pro

Lys

Val

480

Lys

Ser



Glu

Leu

Tyr

545

Pro

Met

Met

Arg

Gly

625

Asn

Arg

Trp

Glu

Met

Leu

530

Ala

Gly

Thr

Glu

Asn

610

Leu

Gly

Val

Glu

Glu

Glu

515

Gly

Ser

Met

Phe

Tyr

595

Val

Ala

Arg

Tyr

Ile

675

Leu

500

Met

Ala

Lys

Glu

Lys

580

Leu

Leu

Arg

Leu

Thr

660

Phe

Phe

Met

Cys

Gly

Tyr

565

Asp

Ala

Val

Asp

Pro

645

His

Thr

Lys

Lys

Thr

Asn

550

Ser

Leu

Ser

Thr

Ile

630

Val

Gln

Leu

Leu
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Met

Gln

535

Leu

Tyr

Val

Gln

Glu

615

Asn

Lys

Ser

Gly

Leu

Ile

520

Asp

Arg

Asp

Ser

Lys

600

Asn

Asn

Trp

Asp

Gly

680

Lys

505

Gly

Gly

Glu

Ile

Cys

585

Cys

Asn

Ile

Met

Val

665

Ser

Glu

Lys His

Pro Leu

Tyr Leu
555

Asn Arg
570

Thr Tyr

Ile His

Val Met

Asp Tyr

635

Ala Pro
650

Trp Ser

Pro Tyr

Gly His

Pagina

Lys

Tyr

540

Val

Gln

Arg

Lys

620

Tyr

Glu

Phe

Pro

Asn

525

Val

Ala

Pro

Leu

Asp

605

Ile

Lys

Ala

Gly

Gly

685

Met

510

Ile

Ile

Arg

Glu

Ala

590

Leu

Ala

Lys

Leu

Val

670

Ile

Asp

Ile

Val

Arg

Glu

575

Arg

Ala

Asp

Thr

Phe

655

Leu

Pro

Lys

Asn

Glu

Pro

560

Gln

Gly

Ala

Phe

Thr

640

Asp

Met

Val

Pro



Ala

705

Ala

Asp

Gln

Cys

Glu
785

690

Asn

Val

Arg

Pro

Ser

770

Pro

Cys

Pro

Ile

Leu

755

Ser

Cys

Thr

Ser

Leu

740

Glu

Gly

Leu

Asn

Gln

725

Thr

Gln

Asp

Pro

Glu

710

Arg

Leu

Tyr

Asp

Gln
790

Listado de secuencias_r45_135461

695

Leu

Pro

Thr

Ser

Ser

775

Tyr

Tyr

Thr

Thr

Pro

760

Val

Pro

Met

Phe

Asn

745

Ser

Phe

His

Met

Lys

730

Glu

Tyr

Ser

Ile

Met

715

Gln

Glu

Pro

Pro

Asn
795

700

Arg Asp Cys

Leu

Tyr

Asp

Asp
780
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Val

Leu

Thr

765

Pro

Ser

Glu

Asp

750

Arg

Met

Val

Trp

Asp

735

Leu

Ser

Pro

Lys

His

720

Leu

Ser

Ser

Tyr

Thr
800



In the Matter of EPA 14752705.5 - Declaration of Dr. Kristen Pierce

I, Kristen Pierce, hereby declare as follows:

L, As shown in the attached Curriculum Vitae, I have been employed by the patent
applicant, Five Prime Therapeutics, Inc., since 2002 and my current title is Senior
Director, Asset Team Leader, Clinical Development. I have a PhD in Pharmacology
and Toxicology from the University of Arizona and conducted post-doctoral research
at Duke University prior to joining Five Prime Therapeutics. Further details of my

experience and publications are provided in the attached CV.
2. 1am a co-inventor of the present European patent application, EP 14752705.5.

3. I have reviewed the application text and examination report of the European Patent
Office dated 9th March 2017. I have also seen the claims that are being submitted
with this Declaration, which I understand relate to use of specifically defined anti-
FGFR2IIIb antibodies to treat cancers in which this target is over-expressed. I am
informed by Five Prime that the Examiner believes that this claimed invention is
obvious in view of WO 2010/054265 (“D1”) in the light of either of Yamane-Ohnuki
& Satoh (mABS 1: 230-236 (2009), referred to as “D2”) or Niwa et al (Journal of
Immunological Methods 306: 151-160 (2005), referred to as “D3”).

4. D1 describes antibodies with the HVR sequences recited in claim 1 whereas D2 is a
review article describing production of afucosylated therapeutic antibodies. D3 is an
earlier publication also relating to afucosylated antibodies and is cited as reference 27
by D2. I assume therefore that the authors of D2 took into account the contents of D3
when writing their review. I do not consider that D3 has any significant information,
in relation to the present invention, over and above D2, and therefore, my comments

in relation to D2 apply equally to D3.

5. The D2 review article notes that, as of 2009, Phase I clinical trials had been performed
with two afucosylated antibodies called MEDI-563 and BIW-8405. The article states
that "[c]Jompared to fucosylated IgGs, non-fucosylated forms exhibit dramatically
enhanced ADCC due to the enhancement of FcyRIlIla binding capacity without any
detectable change in CDC or antigen binding capability." (D2 at 232, first column of
text.) The article also states that "[t]he non-fucosylated antibodies have much higher
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binding affinity for FcyR1lla than fucosylated human serum IgG, which is an essential
feature for overcoming the competition of human serum IgG or binding of therapeutic
IgG1 to FcyRllla on natural killer (NK) cells." (D2 at 232, sentence bridging first and

second columns.)

A main focus of D1 is on uses of anti-FGFR2 monoclonal antibodies for treating solid
tumors. (See D1 at cols. 12-13 and Example 4.) While D2 indicates that afucosylated
antibodies may have a higher binding affinity for FcyRIIlIa, and that this higher
affinity may lead to increased efficacy in patients with cancers of immune origin and
other diseases with defective immune signaling (such as asthma), it has not been
demonstrated that this increased affinity translates to increased efficacy in patients

with solid tumors.

ADCC in solid tumors is not well understood and the fundamental mechanisms may
be different. In the Yamane reference, both of the examples given, KW-0761 and
MEDI-563/BIW-8405, target immune indications, with KW-0761 targeting cutaneous
T-cell lymphoma and MEDI-563/BIW-8405, targeting eosinophils in asthma.
Likewise, anti-CD20 antibodies of the type referred to in D3 (an example of which is
Obinutuzumab, the first approved antibody with enhanced ADCC via afucosylation),

also target cancers of immune origin, lymphomas and leukemias.

Therefore, in my opinion, a person of ordinary skill in the art reading D1 and D2/D3
could not predict how removing the fucose at Asn297 would impact the overall

efficacy of the antibodies claimed in this application.

Changing an antibody's sugar content can also alter its pharmacokinetic properties.
(Reviewed by D. Reusch & M. Tejada, Glycobiology 2015, 1-10, Table 8 and pages
3-5; copy submitted with this Declaration). Producing an afucosylated antibody may
alter the clearance of the antibody. For example, in preclinical experiments, it has
been demonstrated that afucosylated trastuzumab (an anti-Her2 antibody) has faster
clearance than unmodified trastuzumab in mice genetically modified to express the
human FcyRI1Ia. (See Junttila et al., Am. Soc. Cancer Res. 70: 4481-9 (2010); copy
submitted with this Declaration.) Thus, a person of ordinary skill in the art might

predict that afucosylated versions of the antibodies of D1 will also have altered
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pharmacokinetics, specifically a faster clearance. A faster clearance rate could have an

impact on the efficacy of the antibodies.

For this reason, Five Prime Therapeutics sponsored a pharmacokinetic study in
cynomolgus monkeys to test the clearance rates of fucosylated and afucosylated anti-
FGFR2IIIb antibodies. We found that the clearance of the afucosylated antibody was
not different from the clearance of the fucosylated antibody. This result was not

expected in view of the prior data on anti-Her2 antibodies.

Specifically, one male and one female monkey were dosed with 10 mg/kg of either a
fucosylated anti-FGFR2IIIb antibody or an afucosylated anti-FGFR2IIIb antibody
with the claimed HVR and variable domain sequences. The afucosylated and
fucosylated forms of the antibody were found to have similar PK profiles with a half-
life of 7.4-7.7 days during the first-order elimination phase (occurring within 3 weeks
of dosing) followed by an accelerated terminal clearance suggestive of target

mediated clearance.

Another unintended possible consequence of glycoengineering an antibody for
enhanced ADCC is increased toxicity. (Also reviewed by Reusch & Tejada at page 5.)
An afucosylated antibody might induce NK cells to kill normal cells expressing the
antibody's target antigen. In contrast, these normal cells may be spared by a non-
glycoengineered antibody. This cell killing could lead to worse toxicity and make the
afucosylated antibody unsuitable for use in patients. The toxicity of an afucosylated
anti-FGFR2IIIb antibody cannot be extrapolated from studies of other afucosylated
antibodies, since the expression profile of the individual target antigens is unique to
each antigen. Thus, a person of ordinary skill could not have predicted the impact of

afucosylation of the claimed antibodies on their toxicity.

To address this issue, Five Prime Therapeutics sponsored toxicology studies
comparing the afucsosylated form of an anti-FGFR2IIIb antibody with the claimed
HVR and variable domain sequences to the fucosylated form in both rats and
cynomolgus monkeys. No increased toxicity was noted in the animals treated with the
afucosylated form of the FGFR2IIIb antibody compared to the fucosylated form. This

result could not have been predicted in advance for the reasons described in the
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preceding paragraph, and thus, was not expected. In these studies, both rats and
monkeys were treated with 4 weekly doses of 1.5, 30 or 150 mg/kg of either the
fucosylated or the afucosylated FGFR2IIIb antibodies. The animals were sacrificed on
day 29. For all animals, regular in-life observations were made, and at necropsy, both
macroscopic and microscopic examinations were performed. In all of the studies, the
fucosylated and non-fucosylated antiFGFR2IIIb antibodies were well tolerated with
no changes in the clinical chemistry, although there were some observations made in

one group of treated animals but not another.

In light of the positive animal studies referred to above, Five Prime has sponsored a
Phase 1 clinical trial with this afucosylated anti-FGFR2IIIb antibody. This trial
included a “dose escalation” study, in which the antibody was administered to patients
having advanced solid tumors. In additional cohorts, the antibody was administered
specifically to gastric cancer patients. Preliminary results showed that 5 gastric
cancer patients that tested positive for high expression of FGFR2IIIb showed partial
responses. Gastric cancer in particular has low response rates to currently approved
treatments. Furthermore, in the dose escalation study, a patient with bladder cancer
positive for FGFR2IIIb showed a complete response to the antibody and survival over

at least 700 days.

I hereby declare that all statements made herein of my own knowledge are true and

that all statements made on information and belief are believed to be true.

O ilie ke

Encs:

T

Kristen Pierce Date

CV of Dr. Pierce
D. Reusch & M. Tejada, Glycobiology 2015
Junttila et al., Am. Soc. Cancer Res. 2010
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