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INTERNATIONAL SEARCH REPORT International application No.

PCT/JP2013/006069

A. CLASSIFICATION OF SUBJECT MATTER
CO07K16/28(2006.01)1, A61K39/395(2006.01)1,
A61K31/4745(2006.01)n, A61K31/48(2006.01)n

A61P35/00(2006.01)1,

According to International Patent Classification (IPC) or to both national classification and TPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
C07K16/28, R61K39/395, A61P35/00, RA61K31/4745, A61K31/48

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
Jitsuyo Shinan Koho 1922-1996 Jitsuyo Shinan Toroku Koho 1996-2013
Kokai Jitsuyo Shinan Koho 1971-2013 Toroku Jitsuyo Shinan Koho 1994-2013

CAplus/REGISTRY (STN), PubMed

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

X JP 2009-538629 A (Genentech, Inc.), 49

Y 12 November 2009 (12.11.2009), 1-33,35-48
entire text
& US 2008/0050310 A1l & EP 2032606 A2
& WO 2007/140371 A2 & CN 101490087 A

X JP 2008-521828 A (Seattle Genetics, Inc.), 49

Y 26 June 2008 (26.06.2008), 1-33,35-48
entire text
& US 2008/0305044 A1 & EP 1817341 A2
& WO 2006/065533 A2

X JP 2005-511627 A (Seattle Genetics, Inc.), 49

Y 28 April 2005 (28.04.2005), 1-33,35-48
entire text
& US 2005/0123536 Al & EP 1482972 A2
& WO 2003/043583 A2

Further documents are listed in the continuation of Box C.

D See patent family annex.

* Special categories of cited documents:

“A”  document defining the general state of the art which is not considered
to be of particular relevance

“E” earlier application or patent but published on or after the international
filing date

“L”  document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

“O”  document referring to an oral disclosure, use, exhibition or other means

“P”  document published prior to the international filing date but later than
the priority date claimed

“T”  later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

“X”  document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“Y”  document of particular relevance; the claimed invention cannot be

considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&”  document member of the same patent family

Date of the actual completion of the international search
04 December, 2013 (04.12.13)

Date of mailing of the international search report
17 December, 2013 (17.12.13)

Name and mailing address of the ISA/
Japanese Patent Office

Facsimile No

Authorized officer

Telephone No.

Form PCT/ISA/210 (second sheet) (July 2009)
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C (Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT
Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

Y WO 2002/000734 Al (Daiichi Pharmaceutical Co., 1-33,35-48
Ltd.),
03 January 2002 (03.01.2002),
entire text
& US 2003/0166513 Al & EP 1298145 Al
& CN 1449412 A

Y JP 11-092405 A (Daiichi Pharmaceutical Co., 1-33,35-48
Ltd.),
06 April 1999 (06.04.1999),
entire text
(Family: none)

Y JP 10-095802 A (Tanabe Seiyaku Co., Ltd.), 1-33,35-48
14 April 1998 (14.04.1998),
entire text
& US 5892043 A & EP 781781 A2
& CN 1158334 A

A DOSIO, F. et al., "Antibody-targeted 49

leucinostatin A.'", JOURNAL OF CONTROLLED
RELEASE, 1994.11, Vol.32, No.1,

Form PCT/ISA/210 (continuation of second sheet) (July 2009)
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INTERNATIONAL SEARCH REPORT International application No.
PCT/JP2013/006069
Box No. IT Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

L Claims Nos.: 34
because they relate to subject matter not required to be searched by this Authority, namely:

Claim 34 pertains to a therapeutic method for a human being and thus relates
to a subject matter on which this International Searching Authority is not
required to carry out an international search under the provisions of PCT
Article 17(2) (a) (1) and [PCT Rule 39.1(iv)].

2. El Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. I:l Claims Nos.:
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. IIT Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

L I:l As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

0

As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. I:l As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. I:I No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest I:l The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

I:l No protest accompanied the payment of additional search fees.
Form PCT/ISA/210 (continuation of first sheet (2)) (July 2009)
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INTERNATIONAL SEARCH REPORT International application No.
PCT/JP2013/006178

A. CLASSIFICATION OF SUBJECT MATTER
CO07K16/28(2006.01)1, A61K39/395(2006.01)1i, A61P35/00(2006.01)1,
A61K31/4745(2006.01)n, A61K31/48(2006.01)n

According to International Patent Classification (IPC) or to both national classification and TPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
C07K16/28, R61K39/395, A61P35/00, RA61K31/4745, A61K31/48

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
Jitsuyo Shinan Koho 1922-1996 Jitsuyo Shinan Toroku Koho 1996-2013
Kokai Jitsuyo Shinan Koho 1971-2013 Toroku Jitsuyo Shinan Koho 1994-2013

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
CAplus/REGISTRY (STN), PubMed

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
Y JP 2009-538629 A (Genentech, Inc.), 1-30,33-52
A 12 November 2009 (12.11.2009), 31-32
entire text
& US 2008/0050310 A1l & EP 2032606 A2
& WO 2007/140371 A2 & CN 101490087 A
Y JP 2008-521828 A (Seattle Genetics, Inc.), 1-30,33-52
A 26 June 2008 (26.06.2008), 31-32
entire text
& US 2008/0305044 A1 & EP 1817341 A2

& WO 2006/065533 A2

Y JP 2005-511627 A (Seattle Genetics, Inc.), 1-30,33-52
A 28 April 2005 (28.04.2005), 31-32
entire text
& US 2005/0123536 Al & EP 1482972 A2
& WO 2003/043583 A2
Further documents are listed in the continuation of Box C. D See patent family annex.
* Special categories of cited documents: “T”  later document published after the international filing date or priority
“A”  document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand
to be of particular relevance the principle or theory underlying the invention
“E” earlier application or patent but published on or after the international “X”  document of particular relevance; the claimed invention cannot be
filing date considered novel or cannot be considered to involve an inventive
“L”  document which may throw doubts on priority claim(s) or which is step when the document is taken alone
cited to establish the publication date of another citation or other “Y”  document of particular relevance; the claimed invention cannot be
special reason (as specified) considered to involve an inventive step when the document is
“O”  document referring to an oral disclosure, use, exhibition or other means combined with one or more other such documents, such combination
“P”  document published prior to the international filing date but later than ) being obvious to a person skilled in the art
the priority date claimed “&”  document member of the same patent family
Date of the actual completion of the international search Date of mailing of the international search report
04 December, 2013 (04.12.13) 17 December, 2013 (17.12.13)
Name and mailing address of the ISA/ Authorized officer
Japanese Patent Office
| Facsimile No Telephone No.

Form PCT/ISA/210 (second sheet) (July 2009)
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International application No.

PCT/JP2013/006178

C (Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

entire text
& US 5892043 A
& CN 1158334 A

& EP 781781 A2

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
Y WO 2002/000734 Al (Daiichi Pharmaceutical Co., 1-30,33-52
A Ltd.), 31-32

03 January 2002 (03.01.2002),

entire text

& US 2003/0166513 Al & EP 1298145 Al

& CN 1449412 A
Y JP 11-092405 A (Daiichi Pharmaceutical Co., 1-30,33-52
A Ltd.), 31-32

06 April 1999 (06.04.1999),

entire text

(Family: none)
Y JP 10-095802 A (Tanabe Seiyaku Co., Ltd.), 1-30,33-52
A 14 April 1998 (14.04.1998), 31-32

Form PCT/ISA/210 (continuation of second sheet) (July 2009)
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INTERNATIONAL SEARCH REPORT International application No.
PCT/JP2013/006178
Box No. IT Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

L. Claims Nos.: 53-54
because they relate to subject matter not required to be searched by this Authority, namely:

Claims 53-54 pertain to therapeutic methods for a human being and thus
relate to a subject matter on which this International Searching Authority
is not required to carry out an international search under the provisions
of PCT Article 17(2) (a) (1) and [PCT Rule 39.1(iv)].

2. El Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. I:l Claims Nos.:
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. IIT Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

L I:l As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

0

As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. I:l As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. I:I No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest I:l The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

I:l No protest accompanied the payment of additional search fees.
Form PCT/ISA/210 (continuation of first sheet (2)) (July 2009)
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Int.CL.  CO7K16/28(2006.01)1,
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INTERNATIONAL SEARCH REPORY Tntemational application No.

PCT/JP2015/000355

A, CLASSIFICATION OF SUBJECT MATTER

CO7KiI&6/28(2006.01)1,
A61P35/00(2006.01)1,

According to International Patent Clas

B. FIELDS SEARCHED
Minimuum docwmentation scarched (classification system followed by classification symbols)
COTK, AGlK, AGLP

Documentation scarched other than minimum documentation 1o the oxtent that such documents are included in the fickds ﬁcarch»d
Jyo Shinan Koho 98¢ J 1o Shilnan Toroku Koho 1996-201
Kokal Jitsuyo Shinan Koho 1‘ /1-2015 Torcoku Jitsuvo Shinan Koho 1994-;015

LY

Electronic dat(« base consulted during the international search (name of data base and, where practicable, search terns used)

CAplus/REGLSTRY /MEDLINE/EMBASE/BILCOST 'N)
C. DOCUMENTS CONSIDERED TG BE RELEVANT
Categorv*® Citation of document, with indication, where appropuiaie, of the relevant passages Relevaut 1o claim No.
A Jp 2006~3511 5/6 A {Immonomedics, Inc.), 1-26
06 April 200 )
claims; para:ﬁ ¢
& WO 2004/054622
& Us LO 4/01850 Al
& US 12/03286 Al
& 1S ,-l,/l.)GCJ!"D '3
A JP 2013-500253 A Inc.}, 1-296
07 January 201
claims; paragzr
& WO 2011/01147 Al
& EP 2456404 A
& KR 10-2012-01¢
Further documents ate listed in the continuation of Box C. i E See patent funily annex.
* Special categories of cited documents “T” later document published after the ing filing date or priosity
‘A" document defining the geactal siate of the art which 13 not considercd date and not in condlict with the application but cited to understand
to be of particular relevance the principle or theory underlying the in o1
“E”  earlier application or patent but published on or after the international “X” document of particular relevance; the cf rention cannot be
filing date con: ed novel or cannot be considexcd o invi n inventive
“L”  document which may throw doubts on pricrity claim{s) or which is step when the document s taken alone
cited to establish the publication date of another citati 0“ or other Y7 document of particular relevance; the claimed invention cannot be
special reason (as specified) considered o lnvolve an inventive step when the docums
“«0 cument refexring o an oral disclosure, use, exhibition or other means hined with one or more other such documents, such cor
“P" document published prior to the international filing date but later than . g obvious to a person skilled in the art
the pricrity date claimed ‘& document member of the same patent family
Daie of the actual completion of the international search Date of mailing of the international search report

14 RApril 2015 (14.04.15) 21 Rpril 2013 (21.04.158)

Name and mailing address of the ISA/ Authorized officer
Japan Patent Office

3 3,Kasunigasekl,Chiyoda~ku,

Tokyvo 100-8%15, Jagan Telephone N,

Form PCTASA210 (scoond sheet) (Fuly 2009)
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International application Mo,

B AR DS AR AD -
PCT/JP2015/000C355

C (Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Categorv®

Chation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

A JP 20132-534535 A
ntd. ),

clain
& US
& EP 25

& KR 10-2013-0050966 A

s

P, A WG 20314/107024 A1 {CELLTRICN),
10 July 20314 (10.07.2014),
claims; abstract

§ KR 10-2014-0088828 A

& KR 10-2014-0088842 A

(Covx Technologles Ireland, i~z

05 September 2013 (05.09.20123),

Al & WO 2012/007896 Al

& CN 103096933 A

3}

e

1-26

14-0088841 A
140088843 A

Form PCT/ISA210 {continuation of second sheet) (July 2009)
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INTERNATIONAL SEARCH REPORT Intemational app]icaticm No.

Box MNo. I Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:
1 Claims Nos.: 27

because they relate to subject matter not required 1o ve searched by this Authority, namely:
Claim 27 pertains to a method for treatment of iﬂ e human i
and th : relates to a subjec : L ernational
Authority is not reguired to
provisions of PCT Article 1

S

ke

.

e
o
C

DO

s Nos_:
because they relate to parts of the international apphication that do not comply with the prescribed requirements to such an
cxtent that no meaningful intcmational scarch can be carried out, specifically:

> i:] Claims Nos.:

because they are dependext cliims and are not drafied in accoxdance with the second and third sentences of Rule 6.4(a).

Box No. 1 Observations where unity of invention is lacking (Continuation of ifem 3 of first sheet)

This International Searching Authority found multiple inventions 1o this imemational application, as follows:

L {j As all required additional search fees were timely paid by the applicant, this intemational search report covers all searchable

claims.

]

i:i As all searchable claims could be searched without effort pustifying additional fees, this Awthority did not mviie payment of
additional fees.

7 m As only some of the required additional search fees were timely pard by the applicant, this mternational search repott covers

only those claits for which fees were paid, specifically claims Nos.:

4. ﬂ No required additional search fees were timely paid by the applicant.  Cousequently, this iuternational search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest E] The additional search fees were accompanied by the applicant’s protest and, where applicable, the

payment of a protesi fee.
E.j The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the tme limit specified in the invitation.

E::} No protest accompanied the payment of additional scarch fees.
Form PCT/ASA/216 {continuation of first sheat (2)) (July 2009}
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PCT/JP2015°0003355

N
>

i, ABIK39/395(2006. 0101, ABIP35/00(2006.01)1,

19964
20154
20154
20154

‘K'ﬁjtﬁ L7 HER)

R A{F e F o RO LR,

CAplus/REGESTRY/MEBLINE/EMBASE/BIOSTS (3TN)

&R 621, % SR

A JP 2006511526 A (M Sa—/ AT 4 7 2 fra—=KeA4F vy Py 1 - 2%

2006. 04. 06 o, [0o027) — foo32] & W()
2001/054622 Al & EP 1572242 A & US 2oo/w=8ooou Al & US
2009/0291093 Al & US 2012/0328634 Al & US 2013/02165%61 Al & US
2014/0004078 Al
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Disclaimer:
This English translation is produced by machine translation and may contain errors. The JPO, the INPIT, and those who drafted
this document in the original language are not responsible for the result of the translation.

Notes:
1. Untranslatable words are replaced with asterisks (****).
2. Texts in the figures are not translated and shown as it is.

Translated: 15:45:58 JST 09/27/2018
Dictionary: Last updated 06/28/2018 / Priority:

Decision to Grant a Patent

Application number: Patent Application No. 2016-166850
Date of Drafting: Heisei 28(2016) October 7

Patent examiner: Atsuta 1** 5575 4N0OO

Title of the invention: Anti-HER2 antibody-medicine conjugate
The number of claims: 3

Applicant: DAIICHI SANKYO Co., Ltd.

Representative: OHNO, Seiji (and 4 others)

This application is to be granted a patent, since no reason for refusal has been found.

Director General(p.p.) Director(p.p.) Examiner Assistant examiner Manager for Determination of
Classification UEHARA, Katsunori Atsuta 1 ** OTA, Yuzo 98405575 3959
1. Distinction of Patent: Division

2. Reference: see below
3. Application of Patent Act Article 30: not applicable

4. Change of the Title of the Invention: No
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5. International Patent Classification (IPC)
CO7K 16/32 ZNA ,A61K 39/395 L,A61K 39/395 C,A61K 31/4745 =A61P 35/00 ,C07K 5/103

6. Deposit of microorganisms

7. Indication of unacceptance of retroactivity to the filling date

Reference information

Application number: Patent Application No. 2016-166850

1. Technical fields searched (IPC, DB name)
C07K 1/00 - 19/00A61K. 6/00 - 51/12A61P 1/00 -
43/00JSTPIlus/UJMEDPIus/JST7580(JDreamlll)CAplus/REGISTRY/MEDLINE/EMBASE/BIOSIS(STN)

2. Reference patent documents

JP 2006-511526 A (JP, A) JP 2013-500253 A (JP, A) JP 2013-534535 A (JP, A) JP
2011-524001 A (JP, A) JP 2011-519864 A (JP, A) International Publication the 2013/188740
(WO, A1)

3. Reference books and magazines

[Translation done.]
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FEP R PD20-0014D  FEPEEE 1468490 Bk H WE28EI0H 18H 3/E
s ke PEF iR

BMHBEOR S WE2016—-166850
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Disclaimer:
This English translation is produced by machine translation and may contain errors. The JPO, the INPIT, and those who drafted
this document in the original language are not responsible for the result of the translation.

Notes:
1. Untranslatable words are replaced with asterisks (****).
2. Texts in the figures are not translated and shown as it is.

Translated: 15:51:04 JST 09/27/2018
Dictionary: Last updated 06/28/2018 / Priority:

Notification of Reasons for Refusal

Application number: Patent Application No. 2016-540705
Date of Drafting: Heisei 28(2016) December 2

Patent examiner: TAKAHASHI, Juri 4498 4C00
Representative/Applicant: OHNO, Seiji (and 4 others)
Applied Provisions: Article 36

This application should be refused for the reason that the following Reason. If the applicant has
any argument against the reason, please submit a Written Argument within three months after
the day of dispatch of this notification.
Reason
1. (Clarity) This patent application does not fulfill the requirement of the provision of Patent Law
Article 36(6)(ii) in terms of the item(s) listed below regarding the statement of the scope of
claims.

Note

**Reason 1

- Claim: 12

The description "SEQ ID NO 583 and 584 are contained in a heavy chain and a light chain,
respectively... antibody-medicine conjugate" Becoming is ambiguous as Japanese. Please
correct to the same description as Claim 11.

<Claim(s) in which no reason for refusal is found>

At present for the invention concerning Claims 1-11 and 13-15, no reason for refusal is found. If
any reason for refusal is found later, it will be notified. ----------—-------—-—--- - <Record of
the result of prior art search>

- Technical fields to be searched: IPC A61K47/48

DB name CAPLUS/MEDLINE/BIOSIS/EMBASE (STN) JSTPLUS/JMEDPLUS/JST7580
(JDreamlll)

- Prior art documents International Publication No. WO2014/057687 International Publication
No. W0O2012/019024 International Publication No. W0O2012/064733 International Publication
No. W02000/25825 International Publication No. WO2013/163229

<Suggestions in amending>

(1) When making amendment to the description or the scope of claims, the amended parts
should be underlined so as to be clearly identified (refer to Note 6 and 7 of Form 13,
Regulations under the Patent Act). (2) The amendment(s) shall be made within the scope of the
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matters stated in the description, scope of claims, or drawings of the present application as
originally filed. By a Written Argument, after description parts, such as a Description of the time
of application which serves as a basis in the Reason correction is legitimate about each
correction matter, are shown clearly, please claim. (3) One should make sure not to perform any
corrections that invoke a violation against Patent Act Article 17-2(4) when amending the scope
of claims.

If you have any question or are willing to make an interview with the examiner to discuss issues
on this notification of reasons for refusal, please contact us at:

Third Examination Department medical care (medical-supplies tablet) TAKAHASHI, Juri TEL.03
(8581) 1101 A FAX number changes after the middle of extension 3451FAX.03 (3581) 1342*
Heisei 28(2016) December (a telephone number does not change). Please confirm a FAX
number by telephone in advance.

Director General(p.p.) Director(p.p.) Examiner Assistant examiner MAEDA, Hitoshi
TAKAHASHI, Juri 91574498

[Translation done.]
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DIN-BO51F, A WATER-SOLUBLE CAMPTOTHE
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TN ANALOG, BEXHIBITS POTENT

ANTITUMOR ACTIVITY AGAINST A HUMAN LUNG CANCER CHLL LINE

AND ITS SN-38-RESISTANT VARIANT

Moriko Jore!, Mineko fsan!, Megun Movoa!, Hiroshi Kuca!, Tkao Mitsui? and Ak

INew Product Research Laboratories IV, Daiie
Rayic Technology Research Laboratory, Da

W' pravicusty ropoited that BR-8951 4 novel water
solubde carppiothechy sndog, significantly inhibits the growth
of vavious haman and minring SeonQes in vitro aed dn v The
sutitumer effSeis and toppisomerase § inhibdtory activity of
DX-BF3 Hary sivonger thay those of other curront campiothes
cin anatogs: In this study, we sstablished sn SN-38-rasistant
sell hrie, POGISNES, from the hurian: oat_cedl carcinoina
PC.6 coll ling by o stepoive selnction system, vvestigated the
Hrechahiehy 8 resistance of thiv cell fne and ther compared
e antitursor activity of camptothecind anadogs agsinst the
coll line, BC6ISME-5: colls wers rasistant to SRVI8 {32:htd)
and SHEF 104364 (topotecary [4fidy, but barsly resistast to
PTG (3-fold) and DX-H981T (Sold), Topoisomerase |
protein fovals and topoisomerased activities of parental colis
were similae fo those of resistant colls, Detorroiontion of the
cediuiny deug consentration hy sithar flow cytermeteic analysis
sy the  high-perforomrice Hanld chromatography method
conifiramad that the cellular acenniuiation of SN-38:and topas
tocwn was sigaificantly reduced in PCASNG- calls, whearass
that of DIGRPSIT was only slightly reduced. Furthermors,
DXAB95H stabilized the eleavable complese formations: in
ot PO-SISN2.5 colls as will aghy parental cells, buy SN-38
and topotecan did wot in the renistane gelis, Our data suggest
that PCLESNI-S colls pdy have acguivad raslstance to gamp-
tathegh smaingq by o derrsassiv intraceliutar drog accumulee
Ton and that DXBP5IS oy bave the pofaney o avercoms
auch w tyise of resistance rechanism induced by canptothe.
mipounds. dnt Lo Concer 72880686, 1997, '
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: 681
Bl
Compound
Camptothecin derivatives
SN-3%
CPT-i1
Topotecan
3-AC
DX
6 731 x 102 689 + 200 £.922 = {1,183
i 1635 1240 0.761
494,
Fvity 7 7.96 = 0.942 131 20303
903 5 542 x 139 39T E 6205
i 0.1&1 0812
po i Aantimetabolites
zmwa 5-F s 0,967 * D053
Ho et 1 LOs7
ation Crthers
nthe VP18 7 210 1.i5
BT 8 5.851 218
ecin. % AMSA 3 45.1 0.935
L 3 CDDRF 11 287 1.25
from . & YVCR 6 G504 1.34
We 3  Taxol 1 i)
and Y
veral g couceniration quuzfcd {0
SG% 4 «..,mgt‘ rhc—‘cm & bf.ﬁ/\\il\/“b arf: w\pm. ed a3 free base, The
red ir 0 the dats of independent experiments ~*Extant of resistance;
OY
A B viable cells was determined by MTT assay (Z\/}’uam?nn 983
) Growth inhibition of 30% { } 3 00 «
yoro- —— susing
6,77 i 3
e et uimimr { Ty coniral opteal
nno- K S Hekih wy sptiond derdy & g
< and §\X\\\ -— Topo i 3 ER RT3 JHENEH
Al e :
05 of sesection of topoisomerase 1 in whale cell [ fvsotes
an (.’ nuciear extracts
Celis were Fysed with SDS buffer (310 md HEPES, 2
C mM orthovanadate, 10 mM NaF, 10 m,\/i Py th:"gn e, 1 mbd
PMSFE, 10 pgfral feupeptin, © 2~ mr’:‘ca Lhm 3, 10 “E"cc. oL,
S i 2345 6 7.8 910111213 Sor S L/ levpepiin, R 2 o
shyo, Prowein in the whole cell tysi : . 3 -
WErs amide gel and blotted D] Riros aﬂuimc membrane, The mem-
Pwas brane was treafed with anti-Topo 1 human antibody (TopoQGEN,
VOED) 3 O} and » fscnfqmm] seifiy horswradish peraxidase-
3 (5t protein A, The Topt Lspedidicband was detested with
isaka, feagents L%mc{sham Aylesbury, UK). To obtain 3 nuclear
Janyu , cells (5 % 107 were washed with ice-cold buffer (2 mM
3 and 34. 5 mbl MgCly, {50 mM Na(l, 1 oM BCGTA, 6.1 mM
i}, mth,miui,. vesuspended i buffer containing C.35% Triton-
EPRCT K100 and P\/I‘sl" and then incubaied o jee for 10 min. The
Ereit e dmemh st 3ies were PNt flwv:i and preciplistes were s}g_\,v
incuts heffer comtaing SH NaClior | brat4°C After
centrifugation {18,000, 10 ), t‘m protein conceniration of the
superaatant {nuclear extraot) was dejermined by Bradford’s method
using a protein a<;<ay kit (Bio-Rad, Melville, MY} The same
from Bt F R dm\dmi of pridhsy ein was anelyzed by Western bloting
N2-5, & s nsiigapdi L antibody i desesibed above.
BiN-38. We selecled one weli-growing clone, PC-6/8N2-3, from the L . . o
foal 5 Dietermination of topoisomerase I activity
) - WA TFopo | oactivity in PC6 and PC-6/SN2-S5 cells was
la vitro cyioioxic determined using the DMA lakaiion assay (Kawato ¢ ¢l 1991}
et dnhibition experiiiinis were $% Muclear extracts pre ty the method described above w
d e 8BS e al, 1BY 3. Briefly, B imubarﬂd vvi‘h Supercd x,d “«’ 0 )*\IA (;{BCO Grand Iland
plated fo B8 well medmeplagss, and
Sdecl at vaviods somenitstions. The s i :
sikdedd 1o iy, Aoter & days of sudivation, 1Be sveonu of
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Measwrement of intracellular accumulation of topotecan
by flow cyiomerry
The How cytomg
was used (o meds opotecan
%\3¢ 3 cells. Varlous concentratio
L or 5-240 min
H ﬁf:W ety

3 : fad, (TRURY
atton in PO-6 and PGS
otecan were added to the
.mph, was

fry method des

33-mr c RGN 10 Hhe wua ark 3u<stmaenw in tm cells
detected using 8 385-nm fHier with 2 baad width of 42 am.
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which was perfoomed asing a O gaard-pak precoinmn (Waters,
dilford, MA) and a 4.6 muam X 23 cm anaiyiical columa of 5§ uM
DDS-80TS TSK-gel {Tosoh, Tokyo, Japan). Fifty microliters of the
sampie were injected inte the colpmn :siI‘,u a2 Bie-Fad AS-100
autosampler. To prepare the wobile phase, 20% {for DX-8B51H),
27% {(for SN-38) or 13% (mr mp\uecaus of MeClN were added o
4,01 W HOT and de-gassed with bellem poor to use, The chiromo-
phore for g was detected using an FIO00 Buorescent
detector {Fi {ok yo, fapan), The excitation (Ex) ot emission
{Bas) wavel for the dmga were 33 follows: 375

80 am, Eo 8§56 run for
383 arx, Em A oxun for topotecan, Hetention
1e8 .m ;‘pak areas were calouis ta,ci astng the C-RAAX chromato-
sphic data syetem {Shimadsza, Kyoto, Japan). Peak arcas were
ed to the linear regression of a calibration curve produced by
adding {-100 pbi of cach componnd in 0,01 N HCL

A

frerection ()J topoisoneraie ! ar)va.'mz'v round 16 ;) VA fn cells

i 1()}3"1‘»‘{{ ergse O Lml\m" K,L ff.}ll:.)wm z th
tuer 'S 151‘,;:':;‘,&1:)1’1 (_gfis( X 1()’} were plated in lt,U s
i3, ¥ dredeug for 30

min. Cells were s pexi ﬁfi ard m;‘kﬁlv 1, :rrd addition of 1%
sarkosyl buffur Following (sCl step gradient cemtrifugation
(100,000 for 18 by at 25°C), gradienis of cell lysate were divided
into 23-24 fmctionsi The DMNA content of esch fraction was
measured by reading the sbsorbance at 260 mm. Froe and DNA-
bound Tope 1 in sach fraction was deiccted by dot blot analysis
using the specific antibedy to buman Topoe I (Topoi3EN} and
dwmoped on X-ray Gl by the 5O .E_. systent, Tf\e dem;iv of Topo
Especific dots was measured with 2 sitoraeter (Vikber Lovnmat,

Marne-ia-Vallée, France) and an: ].N fti by 2 Bio Frofile ver. 8.0,

RESULYS
In vitro cvistoxicizy of varicus anticancer agents against parenial
and vesistant PG cell fines

Table 1 shows the cytoloxisity of 5 different camptoths
analogs and other well-known sancet agents against hupan ot
celt carcinoma PC-6 cells and its IN-38 resistang Hoe POSEN2-8.
P-e/80N2-5 cells were avout 32-fold resistant to SIN-38, H4-foild 10
topotecan, awd &-fold 10 5-AC but less reaisiant 1o other camgpiothe-
chre analogs, namely, DX-89317 (2-fold) aud CF 3-fold).
PO-6/8MN2-5 cells were not resistant to any of the othor anticancer
drngs iested in this study, but wore resistant only to mitoxantrone
(MIT, 22-foid).

Topa 1 protein level and Tope D activity
The decrease in the Topo | protein level has been reported as one
of the mechanisms for camptothecin resistance; thus deter-
minc,d the Topo I protein levels in PC-6 and PC-6/5N2-5 ceils Ly
/estern biotting analysis. As Figure 1a shows, the Topollevelsin
ebl Iysaies of b cell line were similar. Spe the Topo |
[cvel in the PC-&/SKN2-5 cell Jine appeared 0 be slightly higher than
£ in the P(‘--, cell line. I some o g n-resisun*‘ celis, i

po 1 might be expressed at normai levels in the cytosel
We nexi determined Topo I levels in naclear extracts of PC-8 ami
PC-6/8N2Z-5 celis. The resulis obtained In ouclear extracts wees

stmilar 1o those i whole cell lysates: Topo [ evels in the nacicar
cxtrant of PO-GSNZ-5 cells were slightly bigher than that ip
parental cells (Fig. 14} Mutaiion in protein s often known (o cause
# band shift on SDS-PAGE, but Topo I-specific bands on SDS-
PAGE of samples derived from both cell lines were dstected at the
same position (Fig. 1£). Reduction of Topo I activity caused by
some mattations in Topo I has also been veported with regard fo
camptothecin-reststant cefls, but the supercoiled DMNA re
activity of nuclear extracts from PU-G/SM2-5 cells wag ¢
higher, rather than lower, than that in parcnial colis Fig. ik
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1500

1000

(53
@
[

Tntraceliular drug concentration (M)

Topotecan  DIX-8951f
NPC-6/SN2-3 i

Frgurz 3 - Imracellular aconrnulation of SN- 'iii wpotecan and
DX-89517 in PC-6 and PC-O/BNI-S colls. PC-6 {open column) and
PCHBNES {Closed colurn) cells were incubated with (0 pM of
SN-38, topoiecan or DX-8931f for 20 min, and the auvicfvorsscence
intensity of each drug in the celis was measaved by HPLC, The figures
shown in parenthests are the relative diug concentraiions (56 compared
with the respeciive parenial lines. K Shuenn wepresenis the mean of
duplicats samples, and standand eroor is indicated by an egror bar,

Topotecan accumuliation (fow cytomeiry methnd)

Toiest whether the resistance of PL-6/EN2-5 cells to campiothe-
cin analogs is due o a defect in dmyg accumulaiion, we next
measured {opotecan accumuiation using a FACScan by detecting
itz flnorescence, since the fluorescence of topotecan could be
deiected by the apparaius. As Figore 2a and b indicales, opolecan
accumulated in PC-6 cells in a dose-dependent manper. The
acopmplation peaked at 30 wmin after adding the drug, snd the
intracetiular conceniration decreased stowly, However, in PO-6/
SKZ-5 cells, diug acenruniation apparently reduced and was
detected only when the oells were treated with the highest
concestotion (10 ud) of topotecan (Fig. 20,

Dirng accumularion (BPLL method)

Since the autofluorescence of DX-895 1 and SN-38 couid nol be
detected by PACScan, intraceliniar accumulation of these drugs
and iopotecan was measured by the HPLC method. The intraceilu-
lar concentration of these dmgs tn PC-G/SNZ-5 cells was lower
thap in PC-6 cells (Fig. 33 The differsnces in drug accumulation
between these 2 cel lines were about 10 times for 38 and about
3 times for fopotecan, but only 8 ‘oubk: "nr}" : . ‘»’v’hi}ﬁ
P-glveopraiein exprassios
Western biotting using P- o}vc z)pt Digin
{7219), Peglveoprotein was not detected jn -:i':h-:r L:'r;ll ]il’l(‘i -(dz':isi fetes!
shown.

Stabifization of DNA-Topo ¥ complex by camptothecin analogs
Next, the fonmation of covalent DMA-Topo | complexes ta PC-6
and PO-G/SM2-5 cells was measured, since camptothecin analogs
are kKnown 1o inhibit Topo I via stabilization of covalent DN A-Topo
I complexes. Topo I protein was detected only im the proteinrich
fraction of Bon-treated PO-G-cell Iysates {Fig. 44 B-z3, byt in the
fvsates of cells treated with 34 oM of LIXLE051Y (Fig. 44-b, B-8),
120 nh of SN-38 (Fig. 48-¢) and 196 oM of topotecan (qu 4R-2},
Topo § was also detected in IPNA-rch fractons. This resnit
suggesis that D8 , ropotecan and SMN-38 stabilize IINA-Topo
I complexes in PO-6 oolle at the concentrations examined. This
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EFFECTS OF DX

their
8951 was about
& and of topotecan,

ed wit

stabibizing activity of these f_()mpoam s was coryel
o activigy, The siabilizing acti my of D)z
mes and 3 times ngher than that of 8N-3

sctively, D2X-8951F also showed stdblii g
celis at 8aMeE concentration as in PO ‘-6 ¢ < 481,
the stabilizing activity appeared to be a ,Li_ 3 \.veaif-.e{ 1:‘nzm
tal calls. By cot EN-38 (Fi{, ‘%B g\ and
477 showed ; zi
same dose as ir
,)U" nbi} consentrations were mqmrza fm D\ U‘“l‘ and for
; tecan, eespectively, to show stabilixing activity in FO-6/5M2-5
2lis 1o the same e‘ftetq as in the parental wells, SN-38 ata 5 times
her concenration {600 oM), however, did not show activity in

esistant ceils (data not shown).

m«z v in Pf’ &f

et

(“4

ey
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PUSCUSSIGN

To evaluate our aovel wmpt()t.muﬂ degved compounds, we
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ORIGINAL ARTICLE
Anti-HER 3 monoclonal antibody patritumab sensitizes

refractory non-small cell lung cancer to the epidermal growth
factor receptor inhibitor erlotinib

K Yonesaka®, K Hirotani?, H Kawakami', M Takeda', H Kaneda', K Sakai®, | Okamoto?, K Nishio®, PA Janne>®” and K Nakagawa'

Human epidermal growth factor receptor (HER) 3 is aberrantly overexpressed and correlates with poor prognosis in non-small cell
lung cancer (NSCLC). Patritumab is a monoclonal antibody against HER3 that has shown promising results in early-phase clinical
trials, but an optimal target population for the drug has yet to be identified. In the present study, we examined whether heregulin,
a HER3 ligand that is also overexpressed in a subset of NSCLC, can be used as a biomarker to predict the antitumorigenic efficacy of
patritumab and whether the drug can overcome the epidermal growth factor receptor tyrosine kinase inhibitor (EGFR TKI)
resistance induced by heregulin. Patritumab sensitivity was associated with heregulin expression, which, when abolished, resulted
in the loss of HER3 and AKT activation and growth arrest. Furthermore, heregulin overexpression induced EGFR TKI resistance in
NSCLC cells harbouring an activating EGFR mutation, while HER3 and AKT activation was maintained in the presence of erlotinib in
heregulin-overexpressing, EGFR-mutant NSCLC cells. Sustained HER3-AKT activation was blocked by combining erlotinib with either
anti-HER2 or anti-HER3 antibody. Notably, heregulin was upregulated in tissue samples from an NSCLC patient who had an
activating EGFR mutation but was resistant to the TKI gefitinib. These results indicate that patritumab can overcome heregulin-
dependent EGFR inhibitor resistance in NSCLC in vitro and in vivo and suggest that it can be used in combination with EGFR TKis to
treat a subset of heregulin-overexpressing NSCLC patients.

Oncogene (2016) 35, 878-886; doi:10.1038/0nc.2015.142; published online 11 May 2015

HER3 is a promising oncotherapeutic target.'> Monoclonal
antibodies targeting HER3 have been investigated preclinically
and clinically.’®'® One of these, patritumab, is a novel,
fully human monocional antibody directed against the
extracellular domain of HER3. Early clinical trials designed to
evaluate patritumab monotherapy revealed that it was
well tolerated and limited tumour growth in some cancers,

INTRODUCTION

Members of the human epidermal growth factor receptor (HER)
family of proteins—which includes HER1 (also known as epidermal
growth factor receptor (EGFR)), HER2, HER3 and HER4—are
receptor tyrosine kinases (RTKs)'® that homodimerize or hetero-
dimerize when activated by ligand binding. Aberrant HER
signalling, which is caused by overexpression or activating

mutations, has a critical role in the oncogenesis of some cancer
types.*® HER3 is occasionally amplified and aberrantly upregulated
in cancers such as non-small cell lung cancer (NSCLC),*’ and the
Jatter is associated with a poor prognosis.” Owing to structural
features that limit its intrinsic kinase activity, HER3 cannot be
auto-phosphorylated but can be transphosphorylated through
heterodimerization or higher-order clustering with other family
members, such as HER2.'>® HER3 is a major mediator of the
phosphoinositide 3-kinase/AKT cell survival signalling pathway.”
The HER3 ligand heregulin is locally secreted and induces HER3
activation through an autocrine mechanism.'® Alternatively, HER3
can also be activated independently of ligand binding by the
dysregulation of other tyrosine kinase receptors.>'' For example,
in NSCLC cases harbouring an activating EGFR mutation, EGFR can
activate HER3 in trans through heterodimerization.” EGFR tyrosine
kinase inhibitors (TKls) such as gefitinib can prevent HER3
phosphorylation in this subset of NSCLC,

including NSCLC."” Despite these promising results, the drug’s
mechanism of action is incompletely understood, and a
biomarker has not yet been identified for the selection of an
optimal target patient subpopulation who can benefit from
patritumab treatment.

EGFR is also a drug target in NSCLC, and somatic mutations in
the tyrosine kinase domain cause constitutive activation of EGFR
in a subset of NSCLC;'®'® this activity can be blocked by EGFR-
TKIs.2® Although EGFR-TKIs show robust effects on NSCLC with
activating EGFR mutations, the cells eventually acquire resistance;
in approximately half of such cases, this is attributable to
a secondary mutation in the EGFR kinase domain, most frequently
a T790M substitution in exon 20.2™? In addition, HER3 has a key
role in EGFR-TKI resistance.*?** Additionally, amplification of the
MET oncogene can activate HER3, thereby switching on down-
stream phosphoinositide 3-kinase/AKT survival mechanisms, even
in the presence of an EGFR-TKI”® Thus targeting HER3 may help

'Department of Medical Oncology, Kinki University School of Medicine, Osaka, Japan; ’Daiichi-Sankyo Pharmaceutical Development, Tokyo, Japan; *Department of Genome
Biology, Kinki University School of Medicine, Osaka, Japan; 4Center for Clinical and Translational Research, Kyushu University, Fukuoka, Japan; SLowe Center for Thoracic
Oncology, Dana-Farber Cancer Institute, Harvard Medical School, Boston, MA, USA; SDepartment of Medical Oncology, Dana-Farber Cancer Institute, Harvard Medical School,
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prevent the development of cancer cell resistance to EGFR-TKIs.
To investigate this hypothesis, we evaluated the antitumorigenic
efficacy of patritumab in NSCLC as a single agent and in
combination with established clinical EGFR inhibitors.

RESULTS

NSCLC cell lines exhibit differential sensitivity to patritumab

To evaluate the efficacy of patritumab in vitro, cell proliferation
was assessed in 48 NSCLC cell lines with the soft agar colony-
formation assay. Cells were treated with patritumab for 7 days at
100 pg/ml, which is comparable to the concentration in the
plasma of cancer patients in phase I clinical trials.'>?® The efficacy
of patritumab varied across cell lines, with growth inhibition
rates ranging from 0% to 40% (Figure 1a). Although patritumab
had a marginal antiproliferative effect on most cell lines, in six of
these—QG56, HARA, SW900, H1944, H358 and A549—a growth
inhibition rate of > 25% was observed (Supplementary Table S1).
These lines were defined as patritumab-sensitive, while
the other lines were classified as patritumab-refractory. Cell
viability was reduced in a dose-dependent manner in HARA,
QG56, A549 and SW900 cells treated with patritumab, while in
refractory cell lines such as H1437, PC3, H1573 and H520,
patritumab did not inhibit cell growth even at the highest
concentration (Figure 1b).
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Patritumab sensitivity is associated with heregulin expression level
in NSCLC

We hypothesized that the differential sensitivity to patritumab was
due to molecular differences in the HER3 signalling pathway.
Indeed, heregulin and HER3 mRNA expression levels varied across
the 48 NSCLC cell lines (Supplementary Figure S1). Cell lines were
stratified into three groups (n=16 each) based on their heregulin
mRNA expression level. According to the HER3 mRNA expression
level, cell lines were divided into high and low expression groups
(n =24 each); growth inhibition rates upon treatment with 100 pg/ml
patritumab were compared between groups. Cell lines with high
heregulin expression were more sensitive to patritumab than those
with medium or low heregulin expression (16.5% vs 1.1% vs 3.8%;
P < 0.002, Figure 1¢), and all six patritumab-sensitive cell lines had
high heregulin expression. In contrast, there were no differences in
the growth inhibition rates between the low and high HER3
expression groups (7.5% vs 5.2%; P=0.500). Notably, A549 and
HARA cells had the lowest HER3 expression among cell lines but
were nonetheless sensitive to patritumab due to high heregulin
expression (Supplementary Figure S1).

Activating EGFR mutations were identified in 10 cell lines (PC9,
HCC827, H1650, HCC4006, Ma70, Ma70GR, 11-18, H1975, PC9ZD
and HCC827GR5 cells; Supplementary Table S2). Five of these lines
(PC9, HCC827, HCC4006, Ma70 and 11-18) were sensitive to EGFR-
TKI (data not shown), and all cell lines were refractory to
patritumab (Figure 1¢c, Supplementary Table S1). To verify whether
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) Figure 1. Patritumab sensitivity depends on heregulin expression in NSCLC in vitro. (a) Patritumab sensitivity was evaluated using a soft agar
colony-formation assay. NSCLC cell lines (n=48) were treated with 100 pg/ml patritumab, and the growth inhibition rate was calculated
N relative to untreated control cells. (b) Patritumab-sensitive or -refractory cell lines (n=8) were treated with the indicated concentrations
2 of patritumab for 3 days; cell viability was evaluated using the CellTiter-Glo viability assay and shown relative to untreated control cells
4 mean =+ s.d. of six independent experiments). (c) Relationship between growth inhibition rate at 100 pg/ml patritumab and heregulin and

HER3 expression levels among 48 NSCLC cell lines classified as high, medium or low expression (n=16 each) for heregulin and high or low

expression (n =24 each) for HER3. Also shown are the growth inhibition rates for 10 NSCLC cell lines with activating EGFR mutations treated

With 100 pg/m! patritumab. Patritumab-sensitive cell lines are highlighted in red. Data represent mean + s.d. *P < 0.002, unpaired t-test, high

¥s medium or low heregulin groups. (d) In a xenograft NSCLC model, cells expressing high (QG56, HARA and A549) or low (H1437, H520 and

EC3) heregulin were treated with patritumab or vehicle. Each treatment group consisted of 10 mice. Data represent mean +s.e.m. *P < 0.05,
Npaired t-test.
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our in vitro findings could be extended in vivo, high (QG56, HARA Finally, to examine whether heregulin knockdown would reduce
and A549) and low (H1437, H520 and PC3) heregulin-expressing proliferation in patritumab-sensitive cell lines, we transfected HARA,
NSCLC cell lines were implanted subcutaneously in mice, which QG56 and A549 cells (which express high endogenous levels of

were then treated with patritumab or vehicle for 4 weeks. heregulin) with small interfering RNA (siRNA) against heregulin
Xenograft tumours arising from cells expressing high levels of (siHRG). Compared with siMock cells, siHRG significantly reduceq
heregulin were reduced in size by patritumab treatment proliferation of these cells, indicating that heregulin overexpression
(Figure 1d), while tumours originating from cells with low stimulates the growth of NSCLC cells.
heregulin expression continued to grow. Taken together, these
resu|t§ suggest that heregulin‘contributes to patritumab sensitivity Patritumab prevents heregulin-induced HER2/HER3 interaction
both in NSCLC cell lines and in a tumour model. To elucidate the molecular mechanisms underlying patritumab
sensitivity, the expression of HER3 and the downstream effector

Heregulin-dependent NSCLC proliferation in vitro is inhibited by AKT was assessed in NSCLC cells expressing high (HARA, A549 angd
patritumab QG56) and low (PC3, H1437 and H520) levels of heregulin
Depending on the context, heregulin can stimulate or inhibit the following treatment with 100 pg/ml patritumab for 6 h. In cell lines
proliferation of various cancer cells.?”**® To evaluate the role of with high heregulin levels, patritumab treatment resulted in the
heregulin on NSCLC growth, A549 cells were cultured in medium dephosphorylation of HER3 and AKT (Figure 3a), without altering
containing exogenous heregulin at concentrations of 1 or 4 ng/ml, the total HER3 level. In contrast, in cells with low heregulin
which was replaced every 3 days over 15 days. The growth rate expression, HER3 phosphorylation was not observed before or
steadily increased from day 8 onwards relative to control cells after patritumab treatment, and the drug had no effects on AKT
grown in the absence of heregulin, and this effect was phosphorylation in these cells. Patritumab had no effect on the
concentration-dependent (Figure 2a). Similar effects were phosphorylation status of ERK in any of the cell lines examined
observed in seven other NSCLC cell lines treated with exogenous (Supplementary Figure S2). These results suggest that patritumab
heregulin at 1 ng/ml for 8 days (Figure 2b). can abolish heregulin-induced HER3 activation and that cell

To determine whether patritumab could inhibit heregulin- survival associated with AKT signalling is predominantly driven by
induced proliferation, A549 cells were cuitured in medium with HER3 activation in cells that express high levels of heregulin.
various concentrations of exogenous heregulin and treated with Additionally to determine whether HER3-AKT signalling activity
100 pg/ml patritumab for 3 days. In these cells, the growth rate depends on heregulin expression, A549 cells were treated with
steadily increased relative to cells grown in medium without siHRG. Activation of HER3 as well as AKT was prevented by siHRG
heregulin and in the absence of patritumab (Figure 2c). transfection due to lack of heregulin binding (lane 1 vs lane 3,
In contrast, proliferation was inhibited by patritumab, even in Supplementary Figure S3). These results suggest that HER3-AKT
the presence of high levels of heregulin. signalling was activated by heregulin.
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Figure 2. Heregulin stimulates proliferation in NSCLC in vitro, which is inhibited by patritumab. (a) A549 celis were treated with 1 or 4 ng/m!
heregulin or vehicle for 16 days, and the growth rate was determined on days 8, 12 and 16 (mean =+ s.d. of four independent experiments)
relative to the control on the respective days. Cell viability was evaluated using the CellTiter-Glo viability assay. *P < 0.05 vs control, unpaire
t-test. (b) Growth rates were determined for nine NSCLC cell lines treated with 1 ng/ml heregulin or vehicle for 8 days (mean = s.d. of six
independent experiments). *P < 0,05 vs control, unpaired t-test. (¢) Growth rate was determined for A549 cells cultured in medium containing
0, 1, 2 or 4 ng/ml heregulin and 100 pg/ml patritumab for 3 days (mean = s.d. of six independent experiments). *P < 0.05 vs untreated cells
unpaired t-test. (d) Heregulin-overexpressing HARA, QG56 and A549 cells were transfected with siRNA against heregulin (siHRG) or a non-
targeting siRNA (siMock); the indicated proteins were detected by western blotting. Cell viability was evaluated using the CeliTiter-Glo viability
assay and calculated relative to siMock (mean =s.d. of five independent experiments). *P < 0.05 vs siMock, unpaired t-test.
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Patritumab blocks heregulin-induced heterodimerization of HER2 and HER3. (a) Cells expressing high (HARA, A549, QG56) or low

(PC3, H1437, H520) levels of heregulin were treated with 100 pg/ml patritumab for 6 h and then probed for the indicated proteins. (b) HARA
cells were treated with 100 pg/ml patritumab or vehicle for 6 h, and whole cell lysates were analysed using a phospho-RTK array. (c) HARA,
QG56 and A549 cells were treated with patritumab, pertuzumab, cetuximab or vehicle for 6 h, and whole cell lysates were probed for the
indicated proteins. (d) A549 cells were treated with 100 ug/ml patritumab or vehicle for 6 h, and whole cell lysates were immunoprecipitated
with an antibody against HER2, which was detected along with HER3 by western blotting. (e) A549 cell xenograft mice were treated with
vehicle or patritumab for 4 weeks; cell lysates from tumours were probed for the indicated proteins.

Previous reports indicate that HER3 activation occurs preferen-
tially through heterodimerization with EGFR, HER2, HER4 or
MET."®® To determine whether patritumab inactivates multiple
receptors, heregulin-overexpressing HARA cells were treated with
100 pg/mi patritumab or vehicle for 6 h, and the phosphorylation
status of EGFR, HER2, HER3, HER4 and MET was evaluated using an
RTK array. All of the receptors were phosphorylated in control
cells; exposure to patritumab potently inhibited HER3 phosphor-
ylation and moderately inhibited EGFR and HER2 phosphorylation,
but it had no effects on MET and HER4 phosphorylation (Figure 3b,
Supplementary Figure S4),

We also examined whether EGFR or HER2 inhibition prevents
HER3 phosphorylation in heregulin-overexpressing cell lines.
To this end, HARA, QG56 and A549 were treated with cetuximab,
pertuzumab or patritumab or antibodies against EGFR, HER2 or
HER3. Patritumab and pertuzumab, but not cetuximab, blocked
the phosphorylation of HER3 and AKT in these cells (Figure 30),
suggesting that HER3 may interact with HER2 in cell lines that
express high levels of heregulin. To test this possibility, HER2 was
immunoprecipitated from A549 cells and the immune complex
Was probed for HER3. In untreated control cells, HER3 was
detected in complex with HER2 (Figure 3d); however, patritumab-
treated cells had a lower level of HER3 than control cells,
indicating that the HER3 interaction with HER2 is abolished by
Patritumab treatment,

To examine whether these findings were relevant in vivo, the
Phosphorylation status of HER2 and HER3 was examined in A549
Cells implanted subcutaneously in mice treated with patritumab or
vehicle for 4 weeks. Both HER2 and HER3 were phosphorylated in
As49 xenografts of untreated animals. However, HER3 was
tompletely and HER2 was partially dephosphorylated in tumours
from patritumab-treated mice, (Figure 3e), providing further
fvidence that HER3 preferentially interacts with HER2.

©2016 Macmillan Publishers Limited

Heregulin causes EGFR-TKI resistance in NSCLC cells harbouring an
activating EGFR mutation

We previously reported that heregulin-dependent resistance to
the anti-EGFR antibody cetuximab in colorectal cancer is due to
activation of HER2 and HER3 via heterodimerization, as this
engenders persistent downstream proliferation signals even in the
presence of cetuximab.”®> To determine whether heregulin
expression results in EGFR-TKI resistance in NSCLC, the EGFR-TKI-
sensitive NSCLC cell lines PC9 and HC827—which harbour an
activating EGFR mutation—were stably transfected with heregulin
and treated with erlotinib for 3 days (Figure 4a). In contrast to
mock-transfected control cells, heregulin overexpression rendered
both cell lines refractory to erlotinib. To explore the mechanistic
basis for this change, transfected PC9 cells were treated with 1 pm
erlotinib for 24 h. Erlotinib inhibited phosphorylation of EGFR in
both cell lines (Figure 4b) and reduced HER3 transphosphoryla-
tion, as well as phosphorylation of the downstream effectors AKT
and ERK in mock-transfected cells. In contrast, in heregulin-
overexpressing cells, erlotinib caused HER3 phosphorylation in
a time-dependent manner along with an increase in total HER3,
despite EGFR inactivation (Supplementary Figure S5). Erlotinib
initially prevented AKT and ERK phosphorylation following 3 h of
exposure, whereas both proteins were hyperphosphorylated at
later time points. These results suggest that HER3 can be activated
in a heregulin-dependent manner in heregulin-overexpressing
PC9 cells treated with erlotinib and that HER3 activation is
amplified due to the increase in total HER3 upon erlotinib
treatment. These findings were confirmed in vivo in mice
implanted with PC9 mock- or heregulin-overexpressing cells and
treated with erlotinib daily for 3 weeks; xenograft tumours arising
from mock-transfected cells shrank following erlotinib treatment,
whereas those overexpressing heregulin continued to grow in the
presence of erlotinib (Figure 4c).

Oncogene (2016) 878 -886
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Figure 4. Heregulin induces EGFR TKI resistance in NSCLC cells harbouring activating EGFR mutations. (a) EGFR mutant NSCLC PC9 and
HCC827 cells were mock-transfected (PC9Mock) or stably transfected with heregulin (PC9HRG) and then treated with the indicated
concentrations of erlotinib; cell viability was measured 3 days later using the CeliTiter-Glo viability assay, and values are plotted relative to
untreated control cells (mean +s.d., n=6). Whole cell lysates were probed for heregulin expression. (b) PC9Mock and PCI9HRG cells were
treated with 1 pm erlotinib for the indicated times and then probed for the indicated proteins. (¢) PC9Mock or PCO9HRG cells xenograft mice
were treated with erlotinib or vehicle for 3 weeks. Each treatment group consisted of eight mice. Data represent mean +s.e.m. *P < 0.05 vs
vehicle, unpaired t-test. (d) PCOHRG cells were treated with either 1 ym erlotinib alone or 1 um erlotinib combined with 100 pg/ml pertuzumab
and then probed for the indicated proteins. (e) Tumour samples from 14 NSCLC patients with activating EGFR mutations were analysed for
heregulin mMRNA expression. Five patients achieved complete response, and three patients had primary resistance and six had acquired
resistance to EGFR-TKI. y Axis, fold changes compared with HCT116 cell line (mean xs.d. of three independent experiments). (f) Tumour
samples were obtained from two NSCLC patients prior to and after EGFR-TK] treatment, and heregulin mRNA expression was analysed. y Axis,

fold changes compared with HCT116 cell line (mean +s.d. of three independent experiments).

To explore the functional mechanisms for this resistance, we
treated PCOHRG cells with either erlotinib alone or in combination
with the anti-HER2 antibody pertuzumab for 24h. Erlotinib
monotherapy elevated the total HER3 expression level and
reactivated HER3 as well as AKT and ERK signalling in PCOHRG
cells in a time-dependent manner (Figure 4d, Supplementary
Figure S6). In contrast, treatment of erlotinib plus pertuzumab
could inhibit re-activation of HER3 as well as AKT and ERK despite
the increase in total HER3 expression. These results suggest that
HER3 can be reactivated due to HER2/HER3 interaction in PCOHRG
cells following erlotinib treatment, In addition, AKT and ERK lie
downstream of the HER2/HER3 complex; presumably, AKT is
downstream of HER3 and ERK is downstream of HER2,

To assess the clinical relevance of the observed heregulin-
induced resistance to EGFR-TKI, heregulin mRNA expression was
evaluated in clinical samples from 14 NSCLC patients harbouring
activating EGFR mutations (Supplementary Table S3). Five speci-
mens were from patients who showed a complete response to
gefitinib, and two specimens were from patients resistant to
gefitinib who discontinued treatment within a few months
because of disease progression. The other seven specimens were
from patients who initially responded to gefitinib and then later
acquired resistance; tumour samples were obtained by re-biopsy
upon disease progression. Heregulin upregulation comparable to
the positive control (heregulin-overexpressing PC9 cells) was

Oncogene (2016) 878-886

observed in samples from three NSCLC patients (Figure 4e).
One (#7) had an EGFR exon 19 deletion and received erlotinib
but discontinued treatment after 1 month because of disease
progression; two other patients (#13 and #14) showed a partial
response but then acquired EGFR-TKI resistance accompanied by
an upregulation of heregulin expression, which was negligible
prior to EGFR-TKI treatment (Figure 4f). Notably, all three patients
were EGFR T790M-negative, DNA sequencing was also performed
to investigate genomic amplification of MET and HER2. None of
these genomic alterations were detected in samples #13 and
#14,53% and histological examination revealed no evidence of
changes such as epithelial-to-mesenchymal transition or small cell
lung cancer, which has been observed in some cases of acquired
resistance.2? Heregulin upregulation was not observed in speci-
mens from the five patients who showed a complete response.

Patritumab overcomes erlotinib resistance induced by heregulin in
NSCLC

The results described above suggested that patritumab could
block HER3 activation in a heregulin-dependent manner in NSCLC.
We therefore hypothesized that cells treated with patritumab
could overcome erlotinib resistance induced by heregulin. To test
this, heregulin-overexpressing PC9 cells were treated with
erlotinib or patritumab alone or in combination, and the effect

© 2016 Macmillan Publishers Limited
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on proliferation was evaluated. Cells were refractory to erlotinib,
with an IC50 >1um (Figure 5a). Strikingly, the cells were also
resistant to patritumab, despite the high level of heregulin
expression. However, a combination of both agents potently
inhibited proliferation. Similar effects were observed in heregulin-
overexpressing HARA cells (Figure 5b), The combination treatment
was also evaluated in a panel of cell lines that were refractory to
EGFR-TKIs due to various underlying mechanisms. This included
PC9ZD cells with a T790M secondary EGFR mutation and
HC827GRS5 cells with MET amplification.®®3! In contrast to the
heregulin-overexpressing PC9 cells, these two cell lines were
resistant to the erlotinib/patritumab combination, suggesting that
patritumab could overcome EGFR-TKI resistance only when it is
heregulin-dependent (Supplementary Table S4). Additionally, we
examined whether erlotinib/patritumab combination could over-
come erlotinib resistance in PC9ZD and HCC827GR5 cells when
exposed to the medium containing high concentration of
exogenous heregulin. Parent PC9 cells developed the resistance
to erlotinib in the presence of exogenous 10 ng/mi heregulin, and
this resistance could be overcome by treatment with erlotinib/
patritumab combination (Figure 5c). In contrast to the effect
observed in parent PC9 cells, erlotinib/patritumab combination
therapy could not overcome erlotinib resistance in PC9ZD and
HCC827GR5 cells despite the presence of 10 ng/ml heregulin in
the medium. These results suggest that erlotinib/patritumab
combination might not overcome EGFR-TKI resistance due to a
T790M secondary EGFR mutation or MET amplification irrespective
of the concomitant presence of heregulin,
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To explore the mechanistic basis for the efficacy of patritumab
in combination treatments, heregulin-overexpressing PC9 cells
were treated with erlotinib or patritumab alone or in combination
for 24 h. Treatment with patritumab alone minimally inhibited
HER3 phosphorylation, and treatment with erlotinib alone caused
re-activation of HER3 as well as AKT and ERK in a time-dependent
manner. In contrast, the combination treatment inhibited the re-
activation of HER3 as well as AKT and ERK, despite an increase in
total HER3 level in PCOHRG cells (Figure 5d, Supplementary Figure
S7). These results suggest that co-administration of patritumab
can inhibit the heregulin-dependent HER3 activation that occurs
following erlotinib treatment. Additionally, we performed an
immunoprecipitation assay with anti-HER2 antibody, and the
immune complex was probed for HER3 in PCOHRG cells. HER3 was
detected in complex with HER2 in cells treated with erlotinib
alone, compared with untreated controls cells. However, those
complexes were disrupted with patritumab combination therapy
(Figure 5e). This in turn provides a potential mechanistic
explanation for the antiproliferative effects of patritumab during
combination treatment.

The antitumorigenic potential of this drug combination was
evaluated in mice bearing heregulin-overexpressing PC9 xeno-
grafts. Neither erlotinib nor patritumab alone affected tumour
growth, whereas both drugs used in combination potently
suppressed tumour growth compared with control mice
(Figure 5f). However, after the treatment was discontinued, the
tumours began to grow rapidly.
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Figure 5, Patritumab overcomes heregulin-induced erlotinib resistance. {a) PCO9HRG, PC9ZD and HCC827GR5 cells were treated with erlotinib,

Patritumab or both at the indicated concentrations (in the combination treatment, patritumab concentration was fixed at 100 ng/ml), and cell
viability was measured 3 days later using the CellTiter-Glo viability assay. Data represent mean +s.d. of six independent experiments.
(b) PCOHRG and HARA cells were treated with patritumab {100 pg/mil), erlotinib (1 pm) or both; cell viability relative to untreated control cells

Was

quantified 3 days later. Data represent mean +s.d. of six independent experiments. *P < 0.05 vs other treatments, unpaired t-test.

(¢) Parent PC9, PC9ZD and HCC827GRS5 cells were treated with patritumab (100 pg/ml), erlotinib (1 pm), erlotinib (1 pm) in the presence of
10 ng/ml heregulin or erlotinib (1 1m) combined with patritumab (100 pg/ml) in the presence of 10 ng/mt heregulin. Cell viability relative to
Untreated control cells was quantified 3 days after treatment. Data represent mean =+ s.d. of six independent experiments. *P < 0.05 vs. other
treatments, unpaired t-test, (d) PCOHRG cells were treated with control, 100 ug/ml patritumab alone, 1 um erlotinib alone or 1 pm erlotinib
combined with 100 pg/ml patritumab for the indicated times and then probed for the indicated proteins. (e) PCOHRG cells were treated with
control, erlotinib (1 pm) alone or erlotinib (1 um) combined with patritumab (100 ug/ml) for 24h, and whole cell lysates were
'Mmunoprecipitated with an antibody against HER2, which was detected along with HER3 by western blotting. (f} PCOHRG cell xenograft
Mice were treated with vehicle or erlotinib, patritumab or both for 3 weeks. Each treatment group consisted of six mice. Data represent
Mean +s.e.m. *P < 0.05, combination therapy vs other treatments, unpaired t-test.
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DISCUSSION

The anti-HER3 monoclonal antibody patritumab is currently under
clinical development and investigations are on-going to identify
a biomarker that could be used to select the beneficiary patient
subpopulation. Here we showed that heregulin expression level
correlates with patritumab sensitivity in a preclinical NSCLC model
(Figure 1). Mechanistically, this is most likely explained by the
patritumab-dependent inhibition of heregulin binding to HER3
and concomitant dephosphorylation of the receptor. Alternatively,
patritumab may act as a dimerization inhibitor, in a manner similar
to the HER2 antibody pertuzumab or to LIM716, another HER3
monoclonal antibody.'® Other anti-HER3 antibodies can reportedly
inhibit proliferation via inactivation of HER3 in heregulin-
overexpressing cancers,'>™'¢ Furthermore, our data suggest that
heregulin expression may predict the efficacy of HER2 inhibitors
such as pertuzumab or lapatinib. This is since HER2 plays a key role
for HER3 activation in heregulin-overexpressing NSCLC cells, Head
and neck cancer cells overexpressing heregulin are sensitive to
lapatinib, even in the absence of HER2 gene amplification, and
tissue specimens from head and neck cancer patients have a
similar level of heregulin mRNA expression as lapatinib-sensitive
cell lines.*?

In contrast to heregulin, sensitivity to patritumab did not
correlate with HER3 expression level in the NSCLC cell lines
examined. This discrepancy may be explained by the inactivation
of HER3 in the absence of ligand binding (Figure 3). Unlike HER3,
HER2 is constitutively active without ligand binding, and thus the
efficacy of the anti-HER2 antibody trastuzumab depends on the
HER2 expression level."'?

Antitumorigenic effects of patritumab monotherapy were not
detected in EGFR-mutant NSCLC cell lines. According to a previous
study, HER3 is activated independently of ligand binding in EGFR-
mutant cell lines®?® HER3 depletion inhibited proliferation in
HCC827 NSCLC cells that harbour an activating EGFR mutation.”®
However, in the current study, patritumab did not inhibit
proliferation in EGFR-mutant NSCLC cell lines nor did it decrease
HER3 phosphorylation or HER3 expression in these cells
(Supplementary Figure S8). These results imply that patritumab
does not abolish EGFR binding with HER3. Instead, we suggest
that the inability of patritumab to internalize and degrade HER3
could limit cell sensitivity to the drug.

Heregulin overexpression induced EGFR-TKI resistance in NSCLC
cell lines harbouring activating EGFR mutations, which was also
confirmed in clinical specimens (Figure 4). Unlike mock-
transfected PC9 cells, those overexpressing heregulin reactivated
HER3 as well as AKT and ERK, even in the presence of
erlotinib. Moreover, all these heregulin-dependent effects were
prevented by treatment with the anti-HER2 antibody, pertuzumab
(Figure 4d). These results suggest that the HER2/HER3 complex
induces EGFR-TKI resistance in PC9 cells overexpressing heregulin,
In addition, total HER3 expression increased in a time-dependent
manner in PCO9HRG cells treated with erlotinib. This might
contribute to re-activation of HER3, although further experimental
evidence is required to support this point.

Combination patritumab treatment abrogated heregulin-
induced EGFR-TKI resistance (Figure 5). Strikingly, this effect was
not found in other EGFR-mutant NSCLC cell lines that have
different resistance mechanisms, suggesting that new therapeutic
strategies designed to overcome or prevent resistance must be
highly targeted.?"??®> In an on-going Japanese clinical trial of
patritumab combined with erlotinib, 10 of the 12 NSCLC patients
with activating EGFR mutations showed prolonged stabilization of
tumours that had acquired EGFR-TKI resistance. These are
encouraging results compared with the effects of erlotinib
alone333* Thus a combination treatment of patritumab and an
EGFR-TKI may improve the clinical outcome in NSCLC cases of
acquired resistance,
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A limitation of this study is the selection bias in the cell lingg
used and the in vitro approach that did not take into consideration
host factors such as circulating heregulin or the tumoy,
microenvironment, which could influence patritumab efﬁcacy,
Nonetheless, the latest results of a randomized phase Il study of
patritumab combined with erlotinib in NSCLC have shown that
heregulin mRNA expression in tumours is significantly correlated
with progression-free survival®

The current study suggests that patritumab can overcome
heregulin-induced EGFR inhibitor resistance in NSCLC both in vitro
and in vivo. We recommend that patritumab combination with
EGFR TK! should be examined in a clinical setting on a cohort of
NSCLC patients with TKl-refractory tumours that have heregulin
overexpression and EGFR-activating mutations.

MATERIALS AND METHODS

Cell culture and reagents

The 48 NSCLC cell lines used have been previously characterized?%233637
(Supplementary Table S1) and obtained from American Type Culture
Collection {(Manassas, VA, USA) except QG56, PC14, PC1, PC10 (IBL Co,, Ltd,
Gunma, Japan), HARA (Japan Human Science Foundation, Tokyo, Japan),
EBC1, Sg-1 and RERF-LCA1 (Riken Cell Bank, Ibaraki, Japan). Ma70 was
established in Kinki University School of Medicine, Osaka, Japan. PC9ZD,
Ma70GR and HCC827GR5 are gefitinib-refractory clones of a gefitinib-
sensitive EGFR-mutant parent cell line. Cells were cultured in RPMI-1640
medium (Sigma-Aldrich, St Louis, MO, USA) supplemented with 10% foetal
bovine serum (FBS). We used cell lines within 6 months of the initial
culture, Patritumab was provided by Daiichi-Sankyo Co. Ltd. (Tokyo, Japan),
Erlotinib, cetuximab and pertuzumab were obtained from commercial
sources,

Patients

Tumour specimens from EGFR TKI-treated patients were obtained from the
Kinki University School of Medicine, with approval from the Institutional
Review Board and with written informed consent from each patient.

Antibodies and western blotting

Cells were seeded at a density of 1x10° cells/plate in Prime Surface
60-mm plates (Sumitomo Bakelite Co. Ltd., Tokyo, Japan) and allowed to
grow overnight in medium containing 0.5% FBS before the addition of
drugs to the medium. Cells were incubated for various times and then
harvested. Western blotting was performed as previously described.”
Proteins were transferred to nitrocellulose membranes, which were probed
with antibodies against phospho-AKT, AKT, phospho-EGFR, EGFR,
phospho-HER3 and heregulin (all from Cell Signaling Technology, Danvers,
MA, USA) and phospho-ERK 1/2 (Santa Cruz Biotechnology, Santa Cruz,
CA, USA).

Soft agar colony-formation assay

To screen the 48 NSCLC cell lines for patritumab sensitivity, colony
formation was assessed using the CytoSelect 96-well cell transformation
assay (Cell Biolabs, Inc, San Diego, CA, USA) according to the
manufacturer's protocol. Briefly, a base agar layer containing 0.6% agal:
Dulbecco's modified Eagle’s medium and 0.5% FBS was poured into each
well of a 96-well plate and was covered with a cell agar layer with the same
composition at a density of 5x10° cells/well, with patritumab added to 3
final concentration of 100 ug/ml. After 7 days, the agar was solubilized and
the mixture was incubated with 3,(4,5~dimethy!thiazoI»2—yl)-2,5,—dipheny|‘
tetrazolium bromide solution, and fluorescence was measured using
a 96-well microplate reader at 570 nm. The growth inhibition rate was
calculated relative to untreated control cultures.

Cell proliferation and growth inhibition assays

The sensitivity to patritumab, erlotinib and heregulin (HRG1-beta 1
extracellular domain, R&D Systems, Minneapolis, MN, USA) was evaluated
using the CellTiter-Glo Luminescent Cell Viability Assay (Promega, Madisom
WI, USA) according to the manufacturer’s protocol. ’
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Quantitative real-time PCR

Total RNA was isolated from cells and paraffin-embedded tissues using the
RNeasy Mini Kit and RNeasy FFPE Kit, respectively (both from Qiagen,
valencia, CA, USA), according to the manufacturer’s specifications. cDNA
was synthesized using a High Capacity RNA-to-cDNA Kit (Applied
Biosystems, Carlsbad, CA, USA) and used for real-time PCR to measure
heregulin (NRG7) and HER3 expression, with glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) expression used as an internal standard.
Expression levels relative to the HCT116 cancer cell line were determined
using a standard method with the ABI 7900 HT system SDS software
(Applied Biosystems).

siRNA transfection

sIRNA against heregulin (siHRG) from the ON-TARGET Plus SMARTpool
(no. L-004608-01; Dharmacon, Lafayette, CO, USA) was a mixture of four
sets of 21-nucleotide sense and antisense strands, Non-targeting siRNA
(siMock) was used as a non-specific control. Cells were plated at 50%
confluence in six-well plates and incubated for 24 h in RPMI-1640 medium
supplemented with 0.5% FBS and then transfected with siRNAs using
Lipofectamine RNAiMax (Invitrogen, Carlsbad, CA, USA).

Establishment of a heregulin-overexpressing cell line

A full-length ¢DNA fragment encoding human heregulin (NRGH,
NM_13956) was obtained from Origene (Rockville, MD, USA). The amplified
fragment was cloned into the pCR-Blunt II-TOPO vector (Invitrogen) and
transferred to the pQCXIH retroviral vector (Clontech Laboratories, Inc.,
Mountain View, CA, USA). Retroviruses encoding heregulin were used to
infect PC9 celis.

DNA sequencing

For muitiplex PCR amplification, 10 ng DNA was processed using the lon
AmpliSeq Library Kit and lon AmpliSeq Cancer Hotspot Panel v2
(Life Technologies, Carlsbad, CA, USA). The lon Xpress Barcode Adapters
(Life Technologies) were ligated onto the PCR products and purified with
Agencourt AMPure XP beads (Beckman Coulter, Brea, CA, USA). Purified
libraries were pooled and sequenced on an lon Torrent PGM
(Life Technologies) using the lon PGM 200 Sequencing Kit v2 and the
lon 318 vs Chip Kit.

DNA sequencing data was accessed through Torrent Suite v3.4.2 (Life
Technologies). Reads were aligned against the hg19 human reference
genome, and varlants were called using Variant Caller v3.6 (Life
Technologies). Raw variant calls were filtered out with the following
annotation: homozygous and heterozygous variants, QUAL of < 100, and
depth of cover <19,

Xenograft studies

NSCLC cells were implanted into female athymic nude mice and allowed to
grow to at least 150 mm?® before mice were treated with patritumab
(100 pg/mouse), administered twice weekly by intraperitoneal injection, or
erlotinib (25 mg/kg), administered daily by oral gavage. Mice were
matched for tumour size in each experiment arm and treated without
blinded. Studies were performed in accordance with the standards of the
Institutional Animal Care and Use Committee under a protocol approved
by the Animal Care and Use Committee at Kinki University.

Statistical analyses

Statistical analyses were performed using the StatView v.5.01 software
(SAS Institute, Cary, NC, USA). All statistical tests were two-sided, unpaired
ttests, and a P-value < 0.05 was considered statistically significant. Data
Were graphically displayed using GraphPad Prism v.5.0 for Windows
(GraphPad Software, Inc, La Jolla, CA, USA).
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Engineering multivalent antibodies
to target heregulin-induced HER3 signaling
in breast cancer cells
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y actor recepror (EGFR)/HER2 specific TKL, lapatinib.
body that, in the presence of lapatinib; is designed

of the human epidermal growth fa
partner HER2, is known to have fimi
inhibitors {TKis) in targeting this axis.is furth
shortcomings, we performed a comparative analy:
signaling in HER2 overexpressing tumor cells. in ¢
engineered antibodies in combination with the epiderial
in the first approach, we generated a bispecific anti-H 2/HERS antiby

to sequester HER3 into inactive HER2-HER3 dimers that restrain HER3 interactions with other possible dimerization
partners. Thi second approach:involves the use of ‘a tetravalent anti-HER3 antibody with the gaal of inducing efficient
HER3 internalization and degradation.-fn combination with lapatinib, we demonstrate that although the multivalent
HER3 antibady is more effective than its bivalent counterpart in reducing heregulin-mediated signaling and.growth, the
bispecific HER2/HER3 antibody has increased inhibitory activity. Collectively, these observations provide support for the
therapeutic use of bispecifics in combination with TKis to recrtit HER3 into complexes that are functionally inert.

bodies or small molecule tyrosine kinase
and, heregulin. To address these

ational switch in the dimefization arm, driving
h as

induce a conform
heterodimer formation with kinase competent partners suc

Introduction

Multiple cancers are driven by aberrant signaling through
the human epidermal growth factor recepror (HER), also
kiown as ErbB, family members. Recent studies have indicated
that HER2-HER3 heterodimers can play a central role in
tumorigenesis.”” HER3 is 2 preferred dimierization partner for
HERZ, which has no konown ligand and is constitutively active”
Although HER3 has very low intrinsic Kinase activity, there are
six phosphorylation-dependent binding sites for PI3K on the
eytosolic tail of this recepror.’ Consequently, HER2-HER3
hereradimers are the most effective activators ideritified w date
of the PI3K/Ake pathway through both ligand—indcp&pﬂqh\t '
and ligand-dependent signalin g Ligand-dependent activations
of HER3 inwolwes che binding of heregulin or other ligands to
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Consistent with HER3 as a driver of tumorigenesis, loss of
HERS expression in breast cancer cells results in reductions
in both PI3K/Ake signaling and proliferation.” Further,
modeling studies demonstrate that HER3 represents a central
node in PI3K/Akt signaling® In conjunction with the limited
efficacy of solely targeting HER2 with mounotherapies such
as trastuzumab,’®t? these observations have motivared the
development of therapeutics targeting HER3 or HERZ-HER3
hercrodimers,»> Recent data indicate that the targeting of this
xis wit) antibodies is less effective in the prescnce of heregulin,'®
whighiis cxpréssed in either autocrine or paracrine fashion in
many tumor types.'S"® Thus, there is a need for the generation

Erniil: ober@utdallas.edu; E Sally Ward; .Eman:fsauy.ward @utsbuthw)eéxem.edu

n}ihe; 12/26/2013

Volurie 6 issue 2



1825 of 14295

D Trastuzumab VH
Trastuzumab VL

e

e Hinge disulfide
we GSS linker
e (B8], linker

§ s ey BT SRR T e RS T m;%-“"':'»‘ EA
f Figure 1, Schematic representation “of the hyispeciﬁ; antibody (TAb
{ comprising trastuzumab and a scFv derived from the anti-HER3 anti-

; body, Ab6, used in the current study.

of improved therapeutics directed toward Jigand-dependent
activation of HER3. The current study involves a comparison of
two distinct approaches using bispecific HER2/HER3 specific
antibodies or mulrivalent HER3-specific antibodies © target
HER3 in the presence of the HER3 ligand, heregulin.

As an alernative to targeting HER family members with
antibodies, the use of small molecule inhibitors of the tyrosine
kinase activity of EGFR or HERZ2, or of the downstream kinase,
PI3K, has atrracted much interest %% However; these inhibitors
can lead to tumor escape due to upregulation of compensatory
signaling parhways and complex cross-regulatory networks
invelving negative feedback loops. For exa mple, the delivery of
laparinib, a tyrosine kinase inhibitor (TKI) that targets both
EGFR and HER2, results in upregulation of HER2 and HER3

expression and PI3K/Akr signaling.?¢® Lapatinib resistance.

pathways can also include activating mutations of PI3K,> and the
inhibitory effects of lapatinib can be dampened by the presence
of the HER 3 ligand, heregulin.'“¥1% This suggests that lapatinib
in combinarion with antibodies or bispecifics that bind to HER3
might provide an effective route for therapy, particularly for
rumors involving autocrine or paracrine heregulin loops that can
result in limired efficacy of monotherapies,

Related to the limited therapeutic efficacy of TKIls such as
lapatinib that inhibic EGFR and HER2 activation, HER3 can
associate with other activating receprors such as ¢MET and
insulin-tike growth factor type I receptor I/insulin recepror
substrate-1.57%3 A possible strategy to extinguish HER3-PI3K
signialing would cherefore be to inhibit nuiltiple potential HER3
partners. This provides the impetus for directly rargeting HER3.
which would avoid the complexity of identifying and globally
inhibiting all HER3 partners. Here, we have taken the approach
of investigating the ability of a bispecific anti-HER2/HER3
ansibody ro drive HER3 into HER2-HER3 heterodimers that,
t’hmug_h combination treatment with lapatinib, are “kinase~-dead”,

www.landesbioscience.com
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Locking HER3 into such inactive complexes is expected .to
sequester this receptor from interaceions with other signaling
competent partners and, as such, have anti-tunor effects.

A second route toward excinguishing HER3 signaling is
to develop strategies to induce the efficient internialization
and degradation of this receptor. In support of this approach,
several studies have demonstrated that reduction of HER3
expression has anti-proliferative effects.* HER3 is constitutively
internalized into the endolysosomal pathway® and it is well
documented that receptor crosslinking leads to downregulation
in multiple different cellular systems. We therefore reasoned that
2 multivalent (tetrameric) and-FHER3 antibody would induce
more efficient HER3 imernalization o degradation refative to irs
bivalent countecpart, thereby ¢nhancing clearance from the cell

.wirface. The efficacy of this approach has been compared with
“that of recruiting HER3 into kinase-inactivated HER2-HER3

heterodimers. These comparative studies have also been extended
to microscopy analyses of the teafficking behavior of the different
antibodies within cells, which relates to both drug delivery for
antibody-drug conjugates and Fc-mediated cytotoxicity, ¥

Our study has led to several obscrvations that are of relevance
to targering HER3, First, we show thar in the presence of
heregulin, combination trearment with antibodies and lapatinib
is necessary to achieve inhibition of signaling and growth. Under
these conditions, a tecravalent HER3-specific antibody induces
increased degradation of HER3 and has more potent anci-tumer
effects relative o its bivalent counterpart. Imporcamly, when
used ‘in combination with lapatinib, the bispecific anti-HER2/
HERS3 antibody is a more effective inhibitor of heregulin-driven
signaling and growth comparcd with anti-HER3 antibodies,
tetravalent anti-FIER3 antibodies or mixtures of individual
antibodies specific for HER2 and HER3. Qux observations are
consistent with 2 model in which the bispecific antibody recruirs
HER3 into HER2-HER3 heterodimers that are inactive in the
presence of lapatinib. Collecrively, these studies provide support
for the combined use of multimeric anti-growth factor receptor
-.n{mrrivl'mdic_s with small molecule TIKIs for the therapy of cancer.

Results

Antibodies specific for HER2 and HER3 have differential
effects on signaling and proliferation

The anti-HER3 antibody, Ab6 (MM-121%), which competes
with heregulin for binding to HERS, was generated in our
laboratory as a biosimilar and used throughour thesc studies.
To investigate whether a tevravalent anti-HER3 antibody s
more effective than its bivalent counterpart in inhibiting cell
growth and proliferation, we fused the AbG single chain variable
fragment (scFv) to the CH3 domains of Ab6 via a Gly-Ser-Ser
linker (Ab6tet). In addition, a bispecific trastuzumab {(anti-
HER2)-AbG antbody (TABG) and a bispecific pertuzumab
(anti-HER2)-Ab6 antibody (PALG) were generau:d by fusing
scFv fragments corresponding to AbG to the CH3 domains. of
trastuzamab. and pertuzumab, respectively, using an analogous
design (Fig. 1). All ancibodies were expressed in transfected
Chinese hamster ovary (CHO) cells. The expression yields
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of the bispecific antibodies were 4.5 mg/L, 2.5 mg/L, ‘and ‘§"
mg/L for AbGier, PAbG and TAbG, respectively. Size exclusion
and serum stability analyses of the bispecific protins arc
presented in the Supplementary Materials (Fig. 51 and 82}. For
comparative purposes, size exclusion studies of AbG, trastuzumab
and pertuzumab are shown (Fig. $1). AbG and the bispecific
antibodies also: bound to immobilized, recombinant Fe-HER2
(TAbG, PAbG) or HER3 (Ab6, AbGter, TABG, PAbG) in surface
plasmon resonance experiments (BJAcore; dara not shown).
The in vivo halflives (B-phase) of AbGtet and TAbLG were also
deterinined in BALB/¢ SCID mice and were 228 + 14 (n =4
mice) and 215 « 11 (0= 5 mice) hours, respectively.

We initially assessed the effect of targeting HER3 and HER2/
HERS with several different antibody formats in the absence
of the HER3 ligand, heregulin. For comparative purposes we
also included the anti-HERZ antibodies, trastuzumab and
pertuzumab, which bind to domain IV and the dimerization arm
(domain II), respectively, of HER 2,94 The anu-HER3 aritibody,
Ab6, and its tetrameric form, AbGtet, reduced proliferation in the
HER 2-overexpressing cancer cell lines, SK-BR-3 and HCC1419
(Pig. 2A). Although Ab6 and AbGrer creatment resulted in a trend
toward reduced proliferation in BT-474 cells, the effects were

not significant. By contrast with SK-BR-3 and HCC1419 cells,

BT-474 cells express a-gain of function variant of PI3K* 5% which
could account for the reduced efficacy of anti-HER3 antibodies.
Consistent with the observations of others,® trastuzumab has
higher anti-proliferative activity on ligand-independent growth
o SK.BR-3 and BT-474 cells relative to perruzumab (Fig, 2A).
A wixture of pertuzumab and AbG is also less effective than
trastuzamab and AbG.

Although combinarions of anti-HER2 and ant-HER3
antibodies (Ab6 combined with trastuzutnab or pertuzumab)
had anti-proliferative activities, exposure of cells to the bispecific,
TAbG, comptising trastuzumab plus Ab6, resulted in increased
proliferation  (Fig. 2A). Further, the bispecific antibody
comprising Ab6 and pertuzumab (PAb6) induced proliferation
(Fig. 2A). The effects of both PAb6 and TAbG, which bind ro
different sites of HER2,% indicate that proximity of HER2
and HER3 is sufficient for proliferative signaling, rather than
a need for the receptors to dimerize in a specific configuration.
This proximity model is also conisistent with the observarion that
exposure of cellsto 2 mixture of trastizumab or pertuzamab and
AbG, which would not be expected to drive formation of HER2-
HER3 heterodimers, results in reduced proliferation (Fig. 24).

Analyses of the effects of the antibodies on the phospharylation
of HER3, Akt and Erk demonstrated that the andi-proliferative
effects are associated with decreased pAke levels in SK-BR-3
and BT-474 cells (Fig. 2B). Although pErk levels were lower
following treatment of cells for ane hour with Ab6, AbGtert, or
AbG combined with anti-HER2 antibodies than for cells treated
with trastuzumab, pertuzumab, TABG or PAbG, rhese differences
were not sustained at the 24 b time point (Fig. 2B). Exposure aof
SK-BR-3 or BT-474 cells to TAbG or PAbG resulied in increased
pAkt (§473) levels that persisted for at least 24 b, consistent with
the pro-proliferative effects of these bispecific antibodies. By
contrast, the levels of pAkr at 24 h were decreased in cells treated
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(Fig. 2B). Pertozumab. as a single agent, or in combination with
AbG, was less effective than rrastuzumab (with or without AbG) in
reducing pAkt (5473) phosphorylation, which is congruent with
the lower anti-proliferative activity of this antibody (Fig. 2A).

Earlier studics have shown that relicf of feedback inhibition
of the FoxQO1/3a transcription factors can lead to upregulation of
multiple teceptor tyrosine kinases such as HERS and insulin-like
growth factor-1 receptor (IGF-1R) and subsequent reactivation
of Akt2744%5 However, the possibility of pAkt reactivation
occufring in the current study following treatment of wells with
the bispecific antibodies, TAbLG ar PAbG, can be excluded by
the relatively rapid kineries of pAke induction observed (1 h,
Fig. 2B). To further support this, we observed phosphorylation
of Akt following 15 min of exposure of SK-BR-3 and BT-474 cells
to the bispecific antibodies (Fig. $3).

Total HER3 levels in the cells following treatrment wich anti-
HERS antibodies were also analyzed. In general, HER3 levels
were reduced by treavment with anti-HER3 antibodies, Ab6 and
Ab6tet, whereas expasure of cells o the bispecific antibodies,
TAbG and PABG, resulted in less HER3 degradation (P < 0.05;
Fig. 2B; Fig. $4). Reduced HER3 degradation following TABG or

PAbG treatment is consistent with the inhibitory effects of HERZ

expression on the internalizarion of ligand-activated EGFR or
HER3 44 The increased HER3 degradation induced by AbGrer
relative to AhG was more marked for SK-BR-3 than BT-474
cells, although in both cases the differences were statistically
significant (£ <« 0.05; Fig. 2B).

Microscopy analyses were used furcher investigare the
intracellular trafficking pathways taken by AbG, AbGtet arid
TAbG (Fig. 3). These studies demonstrate that AbbGret is
internalized into EEA-1 positive carly endosomes mare rapidly
than AbG, and enters these compartments within 5 min of
rreatment. Following 15 min of treatment, both Ab6 and AbGret
are internalized into carly endosomes, although the levels of
AbG. remaining on the plasma menbrane are greater than for
Ab6ret (Fig. 3). By contrast, the majority of TADbG is present on
the plasma membsane following 5~60 min of treatrnent (Fig. 3;
Eig. 53). Within 60 min of rreatment, AbGand Abbrer are present
in LAMP-1+ lysosomes (Fig. §3). Mulrivalent antibody binding
to HERS therefore enhances the rate of HER3 inrernalization
into the endolysosomal pathway, consistent with the increased
degradation of HER3 in the presence of Ab6ret relative o AbG.

Targeting HER2/HER3 with antibodies is ineffective in the
présence of heregulin
. feregulin is frequently present in tumors due to aurocrine
or’ patacrine production,'®'® motivating an investigation of the
offects of the antibodies on tumor cell growth in the presence of
this HER3 ligand. FHCC1419 cells showed increased proliferation
in the presence of heregulin, whereas teduced proliferation
was observed for SK-BR-3 cells (Fig. 4A). Alchough BT-474
cells showed a trend toward heregulin-stimulated proliferation,
differences between vehicle- and heregulin-treated cells were
ot always significant. Reduced profiferation of SK-BR-3
cells in tesponse to heregulin has been described previously®
Heregulin exposure ablated the inhibitory effects of AbG, AbGtet,
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trastuzumab or trastuzumab plus AbG on ligand-independent
proliferation. of BT-474 ot HCC1419 cells (Fig. 2A and 4A).
Slightly higher proliferation of HCCI1419 cells ‘was observed
following TAbG relative to trastuzumab plus AbG treatment,
but differences for these two treatments were not significant for

SK-BR-3 and BT-474 cells.

www.landesbioscience.com

#“Yhe reduced efficacy of the antibodics in the presence of
heregulin was agcomipanicd by cither no change (SK-BR-3 cells
with trastuzumab and TAb6 24 h following treatment and
BT-474 cells with all treatments), or a reduction (SK-BR-3 cells
with Ab6, AbGret, or a mixture of trastuzumab plus AbG at
24 h) in pAkt levels (Fig. 4B). Collectively, the data indicate thac

343



1828 of 14295

OnCusp
Ex. 1002

Figure 3. Ab6tet internalizes into
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antibody targeting of HER2 and HER3 has limired efficacy in
the presence of inoratumoral HERS ligands.

Lapatinib combined with antibodies specific for HER2:
HERS3 overcomes heregulin-mediated resistance

The induction of proliferative signaling by HER2-H <3
dimerization “forced™ by TAbG treaument suggested thac the
combination of this bispecific antibody with the small molecule
inhibitor of HER2 (and BGFR) kinase activity, lapatinib,
might stahilize HER2-HER3 heterodimers in an inactive state.
Further, we hypothesized that such complexes would preclude
the interaction of HER3 wirh signaling competent pRrtners.
Lapatinib treatment is known to result in upregulation of
HER?2 and HER3 levels on the plasma menibrane, % and
we confirmed these observations under the conditions of -our
assay (except that HERZ was not upregulated on BT-474 cells;
Fig. 86). Treatment of SK-BR-3 and BT-474 cells with lapatinib
at doses ranging from 50 nM-1 M resulted in inhibition of
proliferation (Fig. 5A). However, this growth inhibition was
ablated by exposure of cells to heregulin (Fig. 5A). Although
lapatinib treatment alone resulted in potent inhibition of HER3,
Akt and Erk phosphorylation, this was partially reversed by
incubation of cells with lapatinib plus heregulin (Fig. 5B).

The observation that lapatinib alone has limited efficacy in
blocking cell proliferation in the presence of heregulin prompted
us to investigate the effect of combination treaunent of hetegulin-
exposed SK-BR-3, BT-474 and HCC1419 cells with lapatinib
and HER 3-targeting antibodies. Addicion of AbG or AbGret
lapatinib resulted in anti-proliferarive effects compared with the
effects of lapatinib alone (Fig. 6A). In addition, for SK-BR-3 and
HCC1419 cclls, AbGiet was morte offective than AbG (Fig. 6A).
Consistent with the inabilicy of trastuzumab to- inhibit ligand-
dependent  HER2-HER3 signaling,*  chis HER2-specific
antibody did not reduce proliferation in the presence of heregulin
and lapatinib. By contrast, of the antibodics/bispecifics tested, the
ant-HERZ/HERS3 bispecific, TAbG, was the most potent of the
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antibodies tested in combination with lapatinib in reducing
proliferation of heregulin-treated cells (Fig. 6A). Importantly,
ispecific also had increased anti-proliferative effects refative
ure of trastuzumab and Ab6 (Fig. 6A). Trastuzumab
has Suberior activity over pertuzumab in inhibiting ligand-
independent activity® (Fig. 2), suggesting that TABG would more
effectively target bath ligand-dependent (heregalin) and ligand-
independent signaling than PAbG. In combination with the lower
expression yield of PAbG relative to that of TABG (2.5 mg/L vs.
& mgl/L),we cherefare focused on theuse of TAbGin the lapatinib/
bispecific combination studies: In the absence of heregulin, none
of the antibodies further reduced the anti-proliferative activity of
lnpatinib (Fig. $7).

In the presence of laparinib and heregulin, AbGrer, trascuzumab
plus AbG or TAbG treacrment resulted in lower levels of pHER3,
pErk and pAke (8473, T508) for SK-BR-3 and HGC1419 cells
(Fig. 6B; Fig. $8). The improved acrivity of AbGtet compared
with Ab6 in SK-BR-3 and HCC1419 cells is consistent with the
increased degradation of HER3 in the presence of the tetrameric
antibody (P < 0.05; Fig, $8 and $9). TAbG was the most potent
antibody in reducing downstream signaling in SK-BR-3; BT-474
and HCC1419 cells, and was more inhibitory than mixtures of
crastuzumab and Ab6 (Fig, 6B; Fig. $8). Further, TAbG was
the only antibody in combination with lapatinib that reduced
heregulin-induced pAkt and pErk in BT-474 cells. Collectively,
¢ data indicate that in the presence of lapatinib the bispecific
dv. TAbG, is the most potent inhibitor of ligand-induced

Discussion

The limitations of rargeting individual components of the
HER3/PISK/Akt signaling axis, including the activity of the
preferred dimerization partier HER2, is well documented, Several
factors contribute to the poor efficacy of this approach: first,
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antibodies specific for HER?Z and HER3 have reduced activity in
inthibiting proliferation and signaling in the presence ofthe HER3
ligand heregulin'**# (this study), which is expressed in mulciple
tumor types.'’*® Second, the use of small molecule TKIs such as
lapatinib or gefitinib resules in compensatory HER?2 and HER3
upregulation and signaling through either incomplete blockade of
HER? kinase activity or HER3 association with other signaling
competent pattners 726243 Third, these compensatory effects
are exacerbated by the presence of heregulin," 3" Consequently,
TKle such as lapatinib are ineffective as single agents in
inhibiting breast tumor cell praliferation, indicating a need for
the development of combination therapies.'#*¢*

In the current study, we analyzed the efficacy of two HER3-
focused strategies direcred roward reducing breast cancer cell
signaling and proliferation. These approaches also have broader
relevance to the targeting of other cell surface receptors, and
involve the use of distinct antibody designs to recruit HER3

into kinase-inhibired HER2-HER3 complexes or induce HER3 -

degradation. We demonstrate that the recruitment of HER3 into
faparinib-inactivated HER2-HER3 complexes by a bispecific
anti-HER2/HER3 antibody (TAbG, comprising. trastuzumab
and an anci-HER3 scFv) is efficacious in both ablating PI3K/Ake
signaling and reducing tumor cell proliferarion in the presence
of heregulin, Importantly, and of direct relevance to therapy, the
bispecific antibody 1s a more potent inhibiter of signaling and
growth than either HER2-ox HER3-specific antibodies alone or
a urixture of antibodies of both specificities. Ina second approach,
we compared the effect on tumor cell signaling and growth of
4 muldvalent anti-HER3 antibody (AbGter) that is designed to
enhance HER3 degradation with ies bivalent counterpart, AbG.
In the presence of heregulin and lapatinib, Ab6ret has higher
activity. By comparison with bivalent Ab6, this muldivalent
construct induces more rapid HER3 internalization into early
endasames. By contrast, the bispecific TAbG induces less HER3
degradation than either AbG or Ab6ret, and yet is more effective
in teducing cell signaling and proliferation. This indicates that
the internalization resistance or recycling behavior of HER 244
has a dominant effect on HER3 in the forced HER2-HER3
heterodimets. Further, the internalization resistance is consistent
with carlier studies in which endocytic uptake of EGFR or
HERS3 is reduced by dimerization with HERZ2.44 Importantly,
our dara indicate that the locking of HER3 into inacrive HER2-
HER3 complexes, even if they remain on the plasma membrane,
{s 2 more effective strategy for theablation of heregulin-mediated
signaling chan induction of increased HER 3 degradation.

The question ariscs as to why the anici-HER3 antibody, which
comperes for heregulin binding.? is not as effective cither along

348 mAbs

or in combination with trastuzumab as the bispecific antibody,
TAbG, in reducing HER3-PI3K signaling. In addiden to
focking HER3 into dimers, TALG would be expected to enhance
the avidity of binding of Ab6 to HERS through bridging of
trastuzumab-HER2  complexes.  The trastuzu mab-HERZ
interaction is of very high affinity (100 pM®), and rhis, combined
with high HER2 expression Jevels on the cell surface, should
increase avidity effects. Further, although AbGtet is expected to
bind with increased avidity over Ab6 through increased valency,
the ABG-HER3 interaction is of lower affinity (0.8 nM*). Thus,
the improved efficacy of AbGtet relative to Ab6 could be due to
both increased. degradation of HER3 and higher avidity binding,
but the avidity enhancement resulting from multivalent binding
would be lower than that for TAb6.

The use of bispecific antibodies of different farmats is an active
area in the development. of cancer therapeutics?® For example,

-serategies to target borh HERZ and HER3 using several differenit

hispecific antibody formats or mixtures of antibodies have been

“described. ¥ OF relevance w the use of bispecifics, however, we

observe that in the absence of laparinib (and heregulin), exposate
of SK-BR-3, BT1-474 or HCC1419 cells to bispecific antibodies
comprising either traseuzumab or pertuzumab and theant-HER3
scEv, AbG (TAbG or PAbG, re.specrivcly), results in increased
PI3K/Ake signaling and proliferadan. The possibilicy that this
activation is due to relief of feedback inhibirion of the Fox(O1/3a
transcription facrors, leading to upregulation of multiple recepror
rycosine kinases such as HER3 aud IGE-IR, 744 is excluded by
the rapid kinerics of pAkrinduction (15 min). The observatior that
bispecifics containing cither rrastuzumab (TAbG) or pertuzumab
(PAbG) are both active in inducing HER3 phosphorylation and
PI3K/Akt signaling suggests that proxim ity racher than a specific
configuration of HER2 and HER3 is sufficient for HER3
transphosphorylation. This is consistent with our cbservation
that bispecific HER2/HER3 specific antibodies can sequestet
HER3 into HER2-HER3 hererodimers that, if inhibited by
HER 2-specific TKIs, effectively silence HER3.

We also characrerized the cffect of using antibodies of
different designs on intracellular trafficking. The increascd
internalization and trafficking to lysesomes induced by using
2 multivalent anti-HER3 antibody (AbGrer) suggests that this
approach could be used t© enhance the activity of antibody-
drug conjugates for which lysosomal delivery is required.™ By
contrast, a high proportion of the bispecific, TAbG, persists on
the plasma membrane where it is exposed for recognition by
FoyRs or complement receptors, allowing antibody dependent
cell-mediated  cytotoxicity/phagocy tosis (ADCCIADCP)  or
complement-mediated cytotoxicity by appropriate effector cells””
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Fardier studics have demonstrated that dual targeting of
HER?2 and FIER3, using either bispecific scFvs ot mixtures of
individual antibodies specific for HER2 and HERS, reduces
cumor cell growth in the presence of lapatinib* Significantly,
we demonstrate that TAbG is more effective than mixtures of
crastuzumab and AbG. This is consistent with the concept that
TAbG anchors HER3 into lapatinib-inactivated HER2-HER3
dimers, thereby scquestering it from interactions ‘with other
Kinase comperent partners and enabling AbG to bind to HER3
with increassd avidity. By analogy with our observations, the use
of a bispecific seFyv-human albumin fusion (MM-111) has been
shown to have anti-tumor effects in the presence of heregulin
that were increased by the addition of fapatinib,' although the
efficacy of MM-111 was not directly compared with that of
anc-HER?2 or anti-HER3 antibodies of the same specificities
as those present in MM-11L Further, and by contrast with
this earlier report, we observe lower levels of heregulin-induced
proliferation and, for most conditions or cell lines, no significant
anti-proliferative effects of monotherapy with lapatinib or
crastuzumab in the presence of heregulin, These apparent.
discrepancies may be due to differences in assay conditions, such
as the addition of heregulin following antibody treatment' rather
chan simultancous addition as used in the current study. _

An important difference. berween the activity of TAb6 and
MM-111 is that, in the absence of heregulin and lapatinib,
MM-111 does not induce proliferadon.® The design of TAbG
and MM-111 differs in several respects: first, the sckvs specific
for HER2 and HER3 in MM-111 are distinct from those in
TALG, Alchough both the anti-HER3 scPy (H3") and AbG
compete with heregulin for binding to HER3, this does not
exclude the possibiliry that the two antibodies recognize distince
epitapes. The HER2-specific scFy, BID2, binds to an epitope
that ‘does vot overlap with rrastuzumab, 9% Second, TAbG has
ewo anti-HERZ and two anti-HER3 Fabs/Fvs per molecule,
whereas MM-111 has one scBy of each specificity. Tetravalency is
expected to enhance the avidity of the interaction with HER2/
HERS3. Third, TAb6 has an antibody Fe region whereas the scFvs
in MM-111 are linked to albumin, resulting in variations in the
“span’” distance of the Fv components of the two constructs. One
or mote of these factors could contribute to the different acrivities
of MM-111 campared with TAbG. Significantly, the presence of
an Fc region in TAb6 confers effector function activities such
as ADCC. The surface tetention of targeting antibodies such as
TAbG is expected to enhance ADCC and other cell-mediated
eytotoicity pathways, which in tum cou 1d enhance anti-tumor
activity.¥

Orther multivalent antibody-based or designed ankyrin repeat
proteins (DARPins) that target HER2 or HER3 have been
recently described. ™ Specifically, a tetravalent antibody (MM-
141), with a similar design to TAbG in the curreny study, that
targets both HER3 and IGF-1R has been shown to have anti-
proliferative effects both in vitro and in vive®* Analogously to
our observations using, TAbG in combination with lapatinib;
MM-141 is more effective in reducing tumor cell signaling
and growth than mixtures of the individual andbodies of the
cotresponding specificities, However, MM-141 may not be as

www landesbioscience.com
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offective as TADG in targeting HER2-overexpressing tumors,
given the importance of the HERZ/HER3 signaling axis in
such malignancies. In the context of targeting HER2, a divalent
anti-HER2 DARPin has been optimized to “lock” FIER2 into
an inactive dimeric configuration on the cell surface®® This
DARPin-based construct represents a notable expansion to the
passible types of molecular approaches for targeting HER2-
addicred tumors.

Future experiments will be directed toward analyzing the
anti-tumor activity of a combination of Japatinib and our Jead
antibody, TAbG, in tumor-beating mice. Eadier studies using
lapatinib with the bispecific anti-HERZ/HER3  antbody,
MM-111, indicated that weekly dosing of antibody with daily
lapatinib was unexpectedly more effecrive than MM-111 delivery
every three days with daily lapatinib.’¢ This indicares that the
dosing regimen of lapatinib and TAbG, which has a longer in vive
persistence than MM-111,* will require optimization.

Collectively, we compared the effects of targeting HER2,
HIER3 or both receptars with several different antibody formars
on the proliferation and signaling of breast cancer <ell lines.
These studies demonstrate that in the presence of the TKI
inhibitor. lapatinib, a bispecific anti-HERZ/HER3 antibody
has. higher acuvity than individual (multivalent) antibodies
specific for HER2 and HER3 in inhibiting heregulin-induced
signaling through the PI3K/Ake pathway and cell proliferation.
These observations suggest that the se of such bispecifics in
combination therapy with lapatinib to sequester HER3 into
inactive heterodimers may provide an effective pathway for the
rreatment of cancer.

Materials and Methods

Cell lines and reagents

The human breast cancer cell lines BT-474 and SK-BR-3
were obtained from the American Type Culture Collection
(ATCC, catalog nos, HTB-20 and HTB-30, respectively) and
cultured in Hybricare Medinm (ATCC, catalog no. 46-X) and
McCay Sa (Gibeo, catalog no. 12330-031/Hyclone, catalog
no. SH30200.01), with 1% penicillin/streptomycin and 10%
FCS, respectively. The human breast cancer cell line HCC1419
(a generous gift of Dirs Adi Gazdar, John Minna, and Kenneth
Huffman, Hamon Center for Therapeutic Oncology Research,
University of Texas Sourhwestern Medical Center at Dallas,
Dallas, "I‘exas) was culeured in RPMI 1640 with 1% penicillin/
strepromyein and 5% FCS.
" For imaging experiments, cells were cultured in phenol-red
free DMEM (Gibco, caralog ne. 31053-028) supplcmentcdwith
1% penicillin/strepromycin, 1% L-Glutiming, 16 mM HEPES
buffer, 1 mM sodium pyravate, 100 nM MEM non~essential
amino acids, 55 nM 2-mercaptoethanol and 10% FCS.

Polyclonal antibodies specific for phospho-AktT308 (catalog
no. 92758), Ak, phospho~Erk1,2 (catalog mo. 91018), Erkl,2
(catalog no. 91025), phospho-HER2 Y1221/1222 (caralog noe.
22498), and monoclonal antibodies against phospho-Akt-5473
(D9E) (catalog no. 4060L); and phospho-HER3 Y1289
(D1B5) (catalog no. 2842) were obrained from Cell Signaling
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Technologies. Polyclonal anti-HER3 antibody (C-17) (catalog
no. $C-285) was fromi Santa Cruz Biotechnology and monoclonal
anti-c-erbB2 antibody (Ab-3 3B3) (catalog no. OPI5L) was from
Millipore. The moneclonal anti-actin antibody (Ab-3) (catalog
no. 612656) was from BD Bioscience. Horseradish peroxidase-
labeled goat anti-rabbit and anti-mouse IgG (H+L) (catalog nos.
111-035-003 and 115-035-003, respectively) were purchased
from Jackson IrmmunoRescarch Laboratories. Lapatinib {caralog
0. L-4804) was obtained from 1.C Laboratories and recombinant
higman heregulin-pi (HRG-B1; EGP-like domain, catalog no.
100-03) was obtained from Peprotech.

Recombinant antibedies

Clinical grade trastuzumab and pertuzumab were obtained
from the UT Southwestern Pharmacy. For comparative
purposes, trastuzumab and pertuzumab were also expressed in
recombinant form using the same expression bost as the othet
antibodies used in this study. Expression plasmids for the
production of antibodies in stably transfected CHO cells were
generated as follows: the genes encoding the heavy and light chain
variable domains (VH and VL, respectively) of trastuzamab,
pertuzumab,®® and Ab6 (US patent 20100266584A1; MM-121%)
were synthesized commercially (Integrated DNA Technology,
Genscript, or Thermo Fisher) and used to generate full-length
human TgGl and human kappa genes with the leader pepride
(MGWSCIHLFLVATATGVHS) from the antiysozyme
aatibody, Iulys10,°¢ using standard methods of molecular
biology. The vectors pcDNA 3.3 TOPO and pOptiVEC-
TOPO (OptiCHO Ab Express Kit, Life Technologies, catalog
nos. K8300~01 and 12744017, respectively) were ased for the
expression of the light and heavy chain genes, respectively.

To generate expression CONSIIUCLS for bispecific, tetravalent
antibodies, a similar design to that described previously was
wsed? A linker sequence congaining & unique Xhol site was
inserred at the 3’ end of the heavy chain genes {trastuzamab
and percazumab) using 2 designed oligonucleotide and the
PCR. A scFy gene encoding the AbG scEv with codons encading
a (Gly,Sef), linker peptide berween the VH (JH)} and VL geae
was generated using standard methods of molecular biology. Xhol
sites and Gly-Ser-Ser codons to connect the CH3 domain to the
VH gene, were appended to the 5’ and 3' ends of the scFv gene
using the PCR. This scEv gene was cloned into the Xbol sites
at the 3° ends of the trastuzumab and pertuzumab heavy chain
genes to generare full-length heavy chains linked to the Ab6 scEv.
Complete sequences of all expression plasmids are available upon
fequests : '

Transfections and expression of recombinant antibodies -

Light chain expression CONSTructs were transfected into TD/
DG44 CHO cells (Life Technologies, catalog no. A11000-01)
using clectroporation. Desired clones were selected in CcD/
DG44 CHO medium (Life Technologies, catalog no. 12610010)
containing 500 pg/ml geneticin without the HT supplement. The
clone expressing the highest levels of light chain was identified
by screening culture supernatants with ELISAs using goat anti-
human kappa lightchain antibody for detection (Sigma-Aldrich,
catalog no. A7164). Heavy chain expression consIruLts were then
transfected into their respective stably transfecred light chain
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expressing CD/DG44 CHO clones via electroporation and
selected with Opti-CHO Medinm (Life Technologies, catalog
no. 12681-011) containing 500 pg/ml geneticin, Supernatants
of clones were screened by sandwich ELISA using goat anti-
human 1gG (Fab-specific, Sigma—,‘\ldrich, catalog no. 152603
as capture antibody and goar anti-human 1gG (Fe-specific)
conjugated to horseradish peroxidase (Sigma-Aldrich, catalog no.
A0170) as detection antibody. The clones expressing the highest
levels of antibody were expanded and cultured in increasing
50 nM—4 pM), to
induce gene amplification. Clones were further expanded in
shake flasks (130 rpm) in 8% CO, and antibody purified from
culture supesnatants using protein G-Sepharose (GE Healthcare,
catalog no. 17-0618-035), Several antibodies were also scaled up
and purified by BioXCell.

Surface plasmon resonance analyses

Surface plasmon resonance experiments were performed
using a BlAcore 2000 and previously described methods.
Recombinant Fe-HER2 (R&D Systems, caralog no. 1129-ER-
050) and HER3 (Acro Biosystems, catalog no. ER3-H5223)
were coupled to flow cells of CM5 sensot chips o densities of
758 and 467 RU, respectively. Antibodies ar a concentration of
50 nM were injected in phosphate buffered saline {PBS) plus
0 (49 Tween at a flow rate of 10 wl/min. At the end of an 800
s dissociation phase, bound antibody was stripped from the
flow cells using 0.1 M glycine, 0.9 M NaCl, pH 3.8 Dara were
analyzed using BlAevaluation software.

Pharmacokinetics

The in vive halfdives of 1 labeled AbGtet and TAbG were
analyzed following intravenous ot intraperitoneal delivery in
BALB/c SCID mice {Jackson Laboratories) using previously
described methads and whole body counting.®

Proliferation assays

Cells were plared in 96-well plates at a density of 2,500
cells per well and incubated overnight. Cells were treated with
lapatinib (1 pM), HRG-BI {6:25 nM), anti-HER3 antibody
AbG or the retrameric form, AbGet, trascuzumab (anti-HERZ),
pertuzamab {anti-HER2), or the bispecific anti-HER2/ HER3
antibodies TAbG and PAbG as indicated in the figure legends.
Antibodies were used ar @ concentration of 50 nM unless
otherwise indicated. Dimethyl sulfoxide or PBRS were used as
vehicle controls for lapatinib or HRG-B1/ antibodies, respectively.
After 5 d of incubation in a 37 °C 5% CO, incubator, cell
proliferation was quantivated using CellTiter 96 AQucous One
S‘})Euriqh Proliferation Assay kit (Promega, caralog no. (33580)
according to the manufacturer’s instructions.
“ Immunoblotting

Colls cultured to near confluencein Gawell plates were treated
with lapatinib, HRG-P1 ov antibodies as for proliferation assays.
Following 15 min, 1 h, or 24 h incubarion, cells were fysed
using RIPA buffer (50 oM Tris, 150 mM NaCl, 8.5% sodium
deoxycholate, 1% Tricon X-100, 0.1% sodium dodecyl sulfate,
2 pg/mL aprotinin, 2 pg/mL leupeptin, 1 gL pepstatin A,
and 0.4 mg/mL pefabloc SC PLUS). Lysates were centrifuged for
20 min at 14,600 rpm at 4 °C and supernatants were collected.
Protein concentrations in cach lysate were determined using
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the BCA protein assay reagent {Pierce, catalog no. 23223).
Total lysates were. fractionated by SDS-PAGE and transferred
onto polyvinylidene difluoride (PVDE) membranes (Millipore,
catalog no. IPVHO0010) of nicrocellulose membranes (Bio-Rad,
catalog no. 162-0145). Membranes ‘were incubated with 5%
bavine serum albumin in Tris-buffercd saline with 0.1% Tween
(TBST, pH 8.0) for 1 h following transfer to block non-specific
binding sites. Blocked membranes were incubated with primary
antibodies overnight at 4 °C with agitation. Prior w incubation
with the secondary antibodies conjugared to hotseradish
peroxidase, blots: were washed three times (1§ min per wash)
with TBST. Following incubation with secondary antibodies for
| h and washing, bound secondary antibody was detected using
chemiluminescent detection regent (GE Healtheare, catalog no.
RPN 2209/AF).

Fluorescence microscopy

SK-BR-3 cells incubated. overnight at 2 density of 50,000 cells
per dish were treated with 50 nM AbG, AbGrer, or TAbG for 5 or
15 miin at 37 °C and then either immediarely washed and fixed or
chased in medium at 37 °C for 10, 20, or 45 min priot to washing
and fixation. For fixarion, cells were treated with 1.7% (w/v)
paraformaldehyde for 10 min ac 37 °C and then permeabilized
with 0.05% (v/v) saponin for 10 min at room temperature in PBS.
A pre-block with 4% BSA/PBS was performed prior to staining
with 2 pgiml of polyclonal rabbic anti-LAMP-1 antibody
(Abcarm, caralog no. AB24170) and 12,5 pg/ml monoclonal
mouse anti-EEA-1 (clone 14) from BD Bioscience (catalog no.
610456) for 30 min ar room teraperature. After blocking for 30
min with goat serum (Sigma-Aldrich, catalog no. GG767), bound
primary antibodies were detécted by incubaring cells with che
following secondary antibody conjugates for 25 min at room
temperarure: Alexa 535-labeled goar anti-human 1gG (H+L) (Life
Techniologies,. catalog no. A21433), Alexa 647-labeled goat anti-
mouse lgG (H+L) {Life Technologies, caralog no. A21236) and
Alexa 488-labeled goat anti-rabbit 1gG (H+L) (Life Technologies,
catalog no. A11034). Cells were washed twice with PBS between
each incubation step-and were stored ar 4 °Cin 1% BSA/PBS.

References 5. Basclge J, Swain SM.

* Images were acquired using a Zeiss Axiovert 200M inverted
fluorescence microscope with a 63X Plan Apochromat objective
as described previously.®® Dara was processed using custom
written software in MatLab (MIArool/LABSoft; hrp://www.
wardoberlab.com/sofrware/miatool/).

Sratistical analyses

Statisvical significance for differences in mean values of
triplicare samples (immunoblots, ELISAs) was determined by
Student £ test. P values < 0.05 were considered to be significant.
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Abstract

_An antibody-drug conjugate (ADC) provides the possibility of selec-

tively ablating cancer cells by combining the specificity of a monoclonal
antibody (mAb) for a target antigen with. the delivery of 2 highly potent
eytotoxic agent. ADC targer antigens-are typically highly expressed on
the surface of cancer cells comipared to narmal eells. The tumor target,
the cytotoxic agent, and the manner in whicli the agent is attached to-
the antibady are key determinants of clinical activity and tolerability.
Recently, several clinical trials have demonstrared that ADCs achieve
higher clinical response rates. than unconjugated mAbs targeting the
samie cell surface antigen. Brentuximaly vedotin represents one such

- 'ADC that has'recently becn ‘approved for the tredtment of relapsed

Hodgkin and systemic anaplastic large cell lymphomas—both charac-
terized by high expression of the targetantigen, CD30, on the surface of
malignant cells. This review summarizes key characteristics of corrent,
clinically active ADCs:and highlights recent clinical data fllustrating the
benefit of antibody-targeted delivery of cytotoxic agents to cancet cells,
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HiL: Hodglin
Iymphama

ALCL: anaplastic

Targe-cell lymphoma

INTRODUCTION

Clinically useful, unconjugared monaclonal
antibodies (nAbs) selectively recognize anti-
gens that are preferentially expressed on or
near tumor cells and exert their cytotoxic
effects through mechanisms such as cell signal-
ing, antibody-dependent cellular cytotoxicity,
antibody-dependent phagocytosis,
and complement-dependent cytotoxicity (1).
Hawsver, the majority of these mAbs are used
in combination with chemotherapy, and many
others have demonstrated insufficient clinical
activity. Therefore, significant effort has been
devoted to empowering mAbs through various
medifications (2). One approach by which the
activities of these mAbs have been enhanced
is through conjugation with cytotoxic drugs,
generating antibody-drug conjugates (ADCs)
capable of antigen-specific delivery of highly
potent cytatoxic drugs to tnmor cells.

cellular

DESIGN PRINCIPLES

In arder w improve efficacy without com-
promising safety, an ADC must preferentially
deliver the eytotoxic payload to tumor cells
expressing the rarget antigen rather than to
healthy tissue. This is accomplished by exploit-
ing the specificity of a mAb targeting an antigen
that is highly expressed on the surface of ma-
lignant cells. After binding the target antigen,
the ADC-antigen complexis typically internal-
ized and transporred to intracellular organelies
where release of the attached drug can oceur:
Upon release, the cytotoxie drug can inter-
fere with various cellular mechanisms, leading
to cell death (Figure 1). The development of
ATICs has relied on several key areas of research
including the choice of an appropriate antigen
rarger, develapment of novel highly potent cy-
totoxicdrags, developmentof. stable linkers that
can release the cytotoxic payload upon internal-
ization, and conjugation technology. This re-
view discusses recent advances in these areas
of rescarch along with the applicadon of these
technologies to ADCs eurrently in the clinic:

Srevers s Senter

Seleet an Appropriate “Target

Target selectionis arguably the most important
contributor to the antitumor activity and toler-
ability of an ADC, Asa general riile, cancer cells
do not display novel immunogenic antigens
because such behavior would lead to rapid clear-
ance by the immuae systen, However, cancer
cells occasionally express: normal celt surface
antigens at levels that are distinguishable from
their healthy normal cellular counterparts. 1de-
ally, the target antigen should be expressed with
substandally higher copy numbets on tutnor
cells, as the efficacy and tolerability of an ADC
appear to depend, in part, onits relative expres-
sion on northal tissue compared to tumor cells
(3,4). Two ADCs that have shown pronounced
clinical activity at rolerated doses, ‘brentuximab
vedotin (ADCETRIS®) and trastuzumab
emtansine (T-DM1), target antigens with pref-
erential expression on tumor cells. The normal
cell surface antigen targeted by brentuximab
vedotin, €30, is strongly expressed on the
Reed-Sremberg cells of Hodgkin lymphoma
(L) and on systemic anaplastic large~cell
Jymphama (ALCL) tumor cells (5). CD30
expression is otherwise thought to be largely
fimited to activated T and B celfsin the physio-
logic state (6, 7). Sinsilarly, the HER2 antigen,
rargeted by T-DMI, is highly overexpressed
on some metastatic breast cancer tumars com-
pared to normal tissue (8~10). Both of these
ADTs have shown meaningful clinical activities
with manageable safety profiles (11-13).

Upon. binding of the ADC, iriany antigens
underge rapid inrernalization along with
the bound ADC through. receptor-mediared
endocyrosis (Figure 1), The efficiency of
internalization ¢an vary between 4n ADC
and the unconjugated antibody; in some cases
both species internalize at the sume rate,
whereas in other cases the ADC internalizes
more efficiently (14, 15). The rate and extent
of intermalization are important because it
influences uptake of the drug as well as release
of the drug in tumor and normat cells (16, 17).
 The expression level of the target anti-
Fen -}\ippAenrs to be another important factor
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Antibtdy-drag
conjugate

Cytotoxic
component

ApBOPLosis

HER. w (rastizeenab emtansing

Figure 1

Gremoralized mechamst ofaction of antibody-drig conjugares (ADGs). (@) The ADC binds to the antigen
o the target-eell. (8) The an tigen-ADC complexis jaternalized through receptor-mediated endocytosis and,
inmost cases, is transported from carly endosomes to tysasomes. () In the lysesome; internal conditions may
destabilize the linker or mAb backbone, causing the cytitoxic component to dissociate and circulate freely in
the cytoplasm. Most cyrotoxic components of current ADCs:cither bind to'thé minor groove of DINA and
induce stranid breakage (@) ot bind to rubulin, resulting in microtubule disraption (¢). (fY Both processes lead
tw apoprosis, duset: Four advanced-stage ADCsare brentuximab vedotin, inotuzumaly.ozogamicic,
gemtuzumab ozogamicin, and trastuzumab enttangine: The antigen rargers for each ADC are shown.

in ‘targeting tumors with ADCs; however, leukemia tumors express relatively low levels
ADCs have shown efficacy over a wide range of target antigen (5,000-10,000 receptors
of antiger expression levels. For example,  per cell), meaninghul cliniical responses have
while CID33-positive acute myelogenous been observed with gemtuzumab ozogamicin

Jreviewsiovg & Antibody-Drug €

OnCusp
Ex. 1002

17



OnCusp
Ex. 1002

1841 of 14295

by Stantord Uiversiy - Mam tampus - Lafe Medical Liprary on US/18/13. £0T personal use outy.

(Mylotarg®, GO), an ADC that rargets the
QD33 antigen (18, 19). Effective treatment of
cumors with such low antigen expression levels
requires an ADC witha highly potent cytotoxic
component, such as calicheamicin in GO. Con-
versely, FIER2 can be expressed on metastatic
breast cancer tumor cells with very high copy
nugnbers (in some cases, >3 million copies per
cell) in some patients (20). Significant clinical
activity against HER2 -positive  metastatic
breast cancer has been reported for T-DM1,
an ADC composed of trastuzumah conjugated
to a cytetoxic maytansinoid, mertansing (DMI)
(10, 21). These and other ADCs are effective
over a wide range of antigen expression levels,
althotigh preclinical snudies have shown that
higher antigen expression levels do in fact pre-
dict greater ADC potency in cell culrure (22).
“Faken together, these observations suggest that
although expression level is an important factor
in determining ADC potency, cven antigesn tat-
gets with lower copy mambers can be effectively
targeted with a sufficiently: potent ADC.

Minimize Systentic Drug Release

“The linker that counects thie cytotoxic drug to
the mAb is a key deterniinant of ADC activity.
These finkers cavalently couple the cytotoxic
drug to the antbody, producing an ADC that
should be relatively stable in cireulation (3).
Stahility of the linker is 1mportant because it
prevents damagé to nontarget tissue through
sponraneous release of the oytotoxic drug while
maxitnizing tutnor drug exposure (3). Upon
inrernalizatiors, however, the linkers should
facilitate efficient drug release. Intracellular
conditions such as the Jow-pI1 environmentin
tysosomes or the reducing environment of the
cytosol can destabilize acid-labile hydrazone
linkers or disulfide-based linkers, respectively,
resulting in drug release (Figure 1y (23). For
example, the ADC GO contains an acid-labile
hydrazone linking the calicheamicin-derived
cytotaxic cornponent the CD33 mAb 24).
FHowever, both add-labile hydrazone linkers
and disulfide-based linkers are relatively

Sievers » Seafer

unstable in plasma, with half-lives in plasma
of approximately 48-72 hours and 1 day,
respecrively (2, 25).

Dipeptide linkersand thioether linkers have
also beenusedin ADC development. Dipeptide
linkers such as citrulline-valine linkers are pre
dominantly cleaved by specific lysosomal pro-
teases, imparting greater stability in plasma and
increased exposure 1o the conjugated drug after
intravenous delivery (26). Brentuximab vedotin
is an ADC that uses a cleavable citrulline-
valine dipeptide linker to facilitate release of
the cytotoxic agent, monaiethylauristatin F,
(MMAE) (27). There are also noncleavable
thioether linkers that depend on degradation of
the inAb.component in the lysosome. Antibody
degradation teads to the release of the cytotoxic
deug seill bound to the linker and the amino
acid residae of the antibody to which it was
attached (28, 29). T-DM1 is an ADC thatuses
this type of linker to tether the maytansinoid
cytatoxic component to the mAb 2.

Tailor Conjugation T'echnology

to Optimize Drug Effect

The specific method of attachment of the
cytotoxic drug and linker to the mAb has been
shown to play a key role in ADC activity and
wlerability. The most coramon methods of

antibody-deug conjugation are alkylation of re~

duced interchain disulfides, acylation of lysine
residues; and alkylation of genetically engi-
neered eysteine residues. The numberof drugs
per mAband drug position have been shown to
influence ADC aggregation, antigen binding,
dlearance from the circulation, potency, and
wolerabily 2. 30). Unierconjugation can
decrease porency of the ADC mixrure, whereas
thé conjugation of too many drugs per mAb can
tead to decreased citculation half-life, reduced
tolerability, and impaired antigen binding
(2, 30). The ideal number of drag molecules
per antibody for most carrent ADCs appeats
to be about four. This ratio minimizes the
presence of unconjugated antibody, fimits the
circulation half-life to that of the unmodified
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Drug Status Thefapeutic area v Target “Cytotoxic class
brentusimab vedotin approved HL, ALGL D30 autistatin
gemuzumab oxogamicin withdrawi AML CD33 calicheainicin
indruzuriab gzogsmicin phase I NHIL, ALL D22 calicheamicin
trastuzurmah emtansing phase 1L MBC TIER2 - maytansinoid
BTU62Z k phase I multiple myelon CD138 meaytansinoid
CDX-011 phase 11 breast, melanoma GPNMB auristatin
milatuzumab-dox phase 1 multiple myeloma CD74 anshracycline (doxorubicin)
SAR3419 phase 11 DLBCL, ALL CD19 maytansinoid
AGS-16M8BF phase I RCC AGS-16 autistatin
ASG-22ME phase | solid umors nectin-4 auristatin
ASG-SME phase I prostate, pancreatic SLC44A4 auristatin
BAY 79-4620 phase 1 solid turnors carbonic anhydrase 9 auristatin
BAY 94-9343 phase I solid rumors mesothelin maytansinoid
BIIBOLS phase 1 | solid runiirs cripto maytansinoid
IMGINS29 phase 1 NHL, CLL CD37 mayrtansinoid
IMMU-130 phase I colorectal CEACAMS camptothecin analog (SN-38)
forvoruzamab mertansine phase I SCLC, multiple CD56 miaytansinoid
) myeloma
MDX-1203 phase I NHL, RCC CD70 alkylating agent
{duocarmycin)
PSMA ADC phase 1 prostate PSMA auristatin
RG7393 phase 1 fiematologic cDL2 Furistatin
malignancies
SARS66658 phase L solid tumors CA6 raytansinoid
SGN-75 phase 1 NHL, RCC D70 autistatin

Abbreviations: ALCL; anaplastic large-cell lymphoma; ALL, acute tysphaocytic leakemiag AML, seute inyeloid lenkemia; CLL, ehranic fymphocytic

leukemia DLBCL, diffvise large B-cell lymphaa; FIL, Flodgkin lymphotoa;

RCC, renal cell carcinoma; SCLC, small-cell lung cancer.

antibody, and does uot significantly disrupt
antigen binding (2).

Employ Highly Potent

Cytotoxic Agents

Early ADC development focused on the use
of readily available, clinically approved drugs
such as doxorubicin, methotrexate, mitomyein,
Aurouracil, and vinca alkaloids (2). These.drugs
have relatively low potencics, so aceess o solid
tamors by riacromolecules was inefficient and
accurnulation of the eytotoxic drug in rarget
cells was poor. The low clinical activity exhib-

ited by these carly ADCs prompted the devel-
opentof ADCs employing much nore potent
eytotogic drugs, which, though too tOXIC tO use
in an untargeted manner, have sufficient po-
tency to be used in a more targeted manner {2).

The majority of highly potent cytotoxic
agents used in current ADCs are auristating,
maytansineids, or calicheamicins (Table ).
The cytotoxicities of auristatins and may=
tansinoids arise from hinding to tubulin and
the inhibition of polymerization, causing cell
cycle arrest and subsequent apoptosis of the
target cell (Figare 1) (2, 31, 32). MMAE is
an auristatin that is used in several ADCs,

sowm.annisidieviewsorg, s Antibody-Drug Conjirgates

MBC; thetastatic breaspgancer; NI, non-l todgkin tymphoma;
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conjugated directly to native cysteine restdues
using maleimide for conjugation and a dipep-
tide linker (valine and citralline—veMMAE)
to facilitate drug release (33). MMAE is the
eytotoxic compenent of the only ADC that is
currently commercially available, brentuxintab
vedotin. The most advanced clinical ADC con-
taining a maytansinoid derivative is T-DML.

IXNA-binding cytotexic agents used in
ADCs include duocarmycin and calicheamicin
analogs. These agents exert their cytoroxic
effects by binding to DNA in the double-helix
minor groove (3). For example, binding of
calicheamicin analogs induces double-straid
breaks in DNA, resulting in cell death
(Figure 13 (34). These molecules are very
potent, but their lack of selectivity has pre-
vented their use as single-agent therapeutics
(3). Calicheamicins in particolar have been
integrated into inotuzumab ozogamicin, an
ADC in late-stage clinical development, as well
as the previously commercially available ADC
GO, which has been voluntanily withdrawn
from the market.

CLINICAL DEVELOPMENT

Considerable attendon to the selection of
() optimal tumor targets, (¢) highly potent.cy-
totuxic payloads, and (¢) stabilizing linker tech-
nologies has yielded promising new treatment
options for cancer patients. ADCs consistenty
demonstrate better response rates than uncon-
jugated mAbs that target the same cell surface
antigen and have been clinically evaluated in
similar advanced cancer patient populations.
Table 2 presents a selection of tumor antigens
that have been targeted by both unconjugated
antibodies and ADCs in the context of the
objective response rates observed in similar pa-
tient populations. For all antigen targets, more
robust antirumor activity was observed in clini-
cal trials incorporating treatment with a single-
agent ADC. The patient populations compared
were relatively sirmilar and all studies examined
single-agent therapy, bug it is important to
note that none of the reported studies directly
compared an ADC with its unconjugated mAb

Sievers s Senter

counterpart, In addition, in the ease of CD22,
D33, and one of the wunconjugated HER2
antibodies, the unconjugated mAband thecon-
jugated mAb recognize different epitopes of the
target antigen. Despite these differences, the
clinical trialdata support the hypothesis thatan-
tibodies can be successfully-employed to deliver
potent cytotoxic agents to cancer cells, result-
ing in clinically meaningful activity exceeding
that. of unconjugated mAbs with manageable
toxicity. This section of the review focuses
on. ADCs that are or have been commercially
available and these in late-stage development.
Earlier-stage compounids are also briefly
discussed. Table 1 lists some of these ADCs.

Brentuximab Vedotin

Brentuximabvedotin is a next-generation ADC
that is approved for use in the United States and
is the first drug approved for HE in more than
30 years. Tt is composed of the chimeric mAb
cAC10, which is specific for hurnan CD30, as
mentioned above, and the auristatin MMAE, a
cytotaxic agent. The antibody is covalently at-
tached to an average of four MMAE molecules
per wAb tirough a protease-cleavable dipep-
tide linker. The ADC binds to the CD30
antigen: and undergoes rapid internalization
and prateolysis, leading to the efficient release
of MMAE inside the marget cells (35). Bren-
rurimab vedotin embodies the important ADC
design principles mentioned above: (4) an‘inter-
nalizing turnor-associated antigen that is min-
imally expressed on normal tissnes, (7) a hnker
that minimizes systemic drug release, () a con-
jugation technology that preserves the phar-
macokinetic properties of the mAb carrier, and
(d) a potent cytoroxic component that is
rapidly released upon exposure to intraceliular
proteases.

In 2011, brentuximab vedotin received
accelerated approval from the US Food and
Drug Administration (FDA) for the treatment
of HL after failure of autologons stem cell
transplant orafter at least two prior muld-agent
chemotherapy régimens in patients who are
not autologous stem cell transplant candidates.

OnCusp
Ex. 1002



Gnal use-only.

&

by dtanford University - Mam Lampus ~ Lane Meaical Liorary on U3/1%/13. For per

1844 of 14295

Table 2 Clinical efficacy of anconjugared apribodies anid relaved antibody-drug conjugates

; ' Unconj ugated antibody Conjugated antibody - E
Target !
(indication) Species - ORR (%) Reference: Species | ORR (%) Reference
CD22 (NHL) epratuzumah® 18 68 inotuzumab ozogamicin® 39-53 s2.bgob
CD30(IL) cACI10 [} 70b brentuximab vedaotin 75 11b
CD30-(ALCL) cAC10 17 70k brentuximab vedotin 86 A
CI33 (AML) lintuzumab? 15 71e gemuuzumiby ozogamicin? 26-30 424724
HER2 (MBCO) trastuzaraab 15-26 730 745 75¢ | erastuzumab emtansine 2664 13,7 39, 76,0 77,0

pertuzusuab’ 7 78"

Abbreviations: ALCL, anaplastic Jarge-cclt lymphoma; AML, acute mycloid leukemia; FIL, Hodgkin Tymphoma; MEC, metastatic breast-cancer; NHE,

nan-Hodgkin lymphoma; ORR, objective response rate.

"WUneconjugated and conjugated antibodies recognize the same aiitigen varget but different cpitopes:

*Refapsed ot refeactory disease.

“Praviously untreated (or meated with palliative therapy) ot in relapse after standard induction chernotherspy.

S ntredted Arst vecoriende.
“Previously untreated disease.

Accelerated approval was also granted for the
treatment of systemic ALCL after failure of
at Teast one prior multd-agent chemotherapy
regimen. The approved dose of brentuximab
vedotin is 1.8 mg/kg intravenously once every
three weeks for up to 16 treatment cycles. In a
piveral single-arm phase II trial in refapsed or
refractory HL patients, brencuximab vedotin

demonstrated an objective response rate of

75% and a durable complete remission rate
of 34% (11). In the subset of patients who
obtained a complete remission, the mediail
piogression-free: survival was 29.0 months
(36). Similarly, in a pivotal single-arm phase [1
trial in relapsed. ar refractory systemic ALCL
patients, brentuximab vedotin demonstrated
an objective response rate of 86% and a durable
complete rernission rate of 57%. Patients who
obtained a best response of complete remission
experienced a median progression-free survival
oF14.6 months (12). The robust clinieal efficacy
of the ADC brentuximab vedotin in patients
with relapsed or refractory HL. or systemic
ALCL contrasts with the modest clinical ac-
tivity exhibited by the unconjugated antibody
in clinical trials (Table 2), highlighing the
ohservation that ADCs can greatly enhance the
activity of the parent antibody. In both studies,
adverse events were generally grade 1 or 2 in

severity and were largely manageable with ci-
ther supportive care or dose reductions and/er
delays. Adverse events of grade 3 or higher
in hoth studies included. peripheral sensory
neuropathy, neutropenia, throwbocytopenia,
and anemia, Peripheral sensory neuropathy
was the most comrmon adverse event in
both studies, occurring in more than half of
patients who received brentuximab vedotin
(11, 12).

A total of four randorsized phase 1T
registrational trials will evaluate the porenial
efficacy of brentuximab vedotin in a variery
of clinical settings, including earlier lines
of treatment for HL and systemic ALCL as
well as new indications such as- cutaneous
T cell lymiphoima (CTCL) and othet mature
T cell lymphomas that cxpress the CD30
tirget antigen. One unmet clinical need is
repiesenited by those patients with HL whose
lymphonia recurs after antologous stem cell
teansplant. This tvetcally voung patient pop-
ulation has a median survival of only 2.4 years
(37). To address this pronounced unmet need,
a randomized placebo-contrelled phase I tial
is testing the hypothesis that post-transplant
administration of brentuximab vedotin will
prevent disease progression and improve ot~

comes (AETHERA trial; NCT01100502). To

www.annnalrevicororg -« Antiboly-Drig Conjugares
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improve long-term outcomes in patients with
newly diagnosed CD30-positive lymphomas,
two planned international randomized phase
I trials will evaluate the inclusion of bren-
tuximab vedotin in the multi-agent treatment
of newly diagnosed advanced-stage HL and
matare T cell lymphoma. Additionally, a
fourth randomized phase IIL wxial is un-
der way comparing the clinical activity of
brentuximab vedotin with methotrexate or
bexarotene (physician's choice) in patients with
CI330-positive CTCL (NCT0158499),

Trastuzumab Emtansine

Trasmzumab cmtansine (T-DML), as de-
scribed above, is an ADC formed by the
conjugation of the waytansineid DM1 with
the anti-FHER2 mAb trastuzumab through a
noncleavable linker. Currenty, T-DML1 is the
only ADC in late-stage clinical development
for metastatic breast cancer that overexpresses
the HER2 antigen (38). The unconjugated
antibody trastuzuimab, available commercially
as Herceptin®, was originally developed for
the treatment of the 15%-25% of breast cancer
cases that exhibit protein overexpression of
HER2. Typically, trasuzumab is used in
combination with conventional chemothetipy
for first-line weatment of these breast canéers.
However, trastuzumab has also been used as a
single agentin the treatment of HER2-positive
netascatic breast cancer, demonstrating objec-
tive response rates ranging from 15% ro 26%.
Conjugation. of the cytotoxic agent DML to
trastuzumab offered improvements in objective
tesponse rates, with single-agent efficacy
in HFIER2-pogitive memstatic breast cancer
ranging from 26% to .64% (Table Z). It is
important ¢ note that in these trials, T-DM1
was active against retastatic breast cancer that
was previously resistant to trastuzumab-based
therapy, highlighting the importance of the
cytotoxic DM component.

Tnaddition to improved efficacy, the target-
ing of chemotoxic agents using a mAb in ADCs
should provide an improved safety profile com-
pared to traditional chemotherapy: A head-to-

Srevers » Senter

head randomized phase TT study was conducted
in previously untreated merastatic breast can-
cer patients comparing the safety and efficacy
of single-agent T-DM1 with trastuzumab: in
combination with the chemotherapeutic agent
doceraxel, the standard of care in the front-
line setting. Preliminary topline results from
this stody demonstrated a somewhat higher ob-
jective response rate (64% versus 58%) and
rmedian progression-free survival {14.2 months
versus 9.2 months) in the single~agent T-DMI1
group, but a lower.rate of grade 3 or 4 adverse
events (464% versus 89.4%) and treatment
discontinuations due to ddverse events (7.2%
versus 28.8%). Furthermore, many side effects
associated with ‘conventional chemotherapy,
such as diarrhea, neutropenia, rash, nearopa-
thy, and alopecia, were less prominent in pa-
tients treated with single-agent T-DM1 com-
pared with trastuzumab in combination with
conventional chemotherapy (39). This study il-
lustrates how antigen binding in' ADCs may
help imprové the therapeuticindex by focusing
exposure to the cytoroxic agent on. tumor cells.

Building on results from phase T and
phase 1T clinical wials, EMILIA, a randomized
épeu—lubel phase I trial, explored the safery
and efficacy of single-agent T-DMI in patients
with HERZ-positive locally advanced or
“breast cancer. Either single-agent

lapatinib was administered to 978 patients.
The primary cndpoints were progression-free
survival, overall sucvival, and safety. Patients
treated with T-DM1 showed significantly im-~
proved progression=free survival compared to
those treated with lapatinib plus capecitabine
(9.6 months versus 6.4 months; p < 0.0001).
Median overall survival was notreached in the
T-DM]! arm, but the one-year and two-year
overall survival rates showed a trend to be
higher in the T-DMI1 arm (one-year: 84.7%
versus 77.0%; two-year: 65.4% versus 47.5%).
Single-agent T-DM1 was well rolerared, and
the most conunon adverse events with severity
of at least grade 3 were thrombocytopenia
{12.9%), increased aspartate amino wransferase
levels (4:3%), and increased alanine arino
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transferase  levels (2.9%) (40). Two other
phase Il studies are currently under way:
MARTANNE (NCT01120184), which com-
pares the safety and efficacy of single-agent
T-DM1 with trastuzumab/permizuinab  or
trastuzumabi/taxane  combination  therapy
in the first-line sewing, and TH3RESA
(NCT01419197), which compares T-I2M1
with ‘trearmént of the physician’s choice
in inetastatic bresst cancer patients who
have already received two prior regimens of
HER2-direcred therapy.

Gemtuzumalh Ozogamicin

Gemtuzumiab. ozogamicin (CMA-676; GO)
is an ADC composed of a DNA-binding
calicheamicin derivative coupled to a hu-
manized IgG4 mAb directed against CD33,
a normal myeloid cell surface antigen that
is present on leukemia tumors in ~90% of
patients with acute mye].oid leukemia (AML)
(1), Tr was thie first ADC to receive marketing
authorization in the United States, receiving
accelerated approval froma the FDA in 2000 (sce
above) for the treatmentef patients with CD33-
positive AML in first relapse who are 60 years
of age or older and who are not considered
candidates for other cyvotoxic chemotherapy
(18). Approval was granted on the basis of
results from three open-label single-arm phase
T trials in a total of 142 patients in which 30%
of patients obtained complete temission or
complete remission with. incomplete platelet
recovery (42): However, clinically meaningful
GO-related hepatotoxicity was reported in
some patients (43, 44). This toxic eéffect
led to the addition of a boxed warning for
hepatotoxicity in the US label for GO in 2001

In dssociation with the accelerated ap-
proval, the sponsor and FDA agreed to the
design and execution of a randomized phase
11X ial (SWOG 106) in arder to confinm evi-
derice of clinical benefit. This study compared
GO-containing induetion therapy (45 mg/m’
dauncrubicin, cytarabine, and GO) with stan-
dard induction therapy (60 mg/m’ daunoru-
bictn and cyrarabine)in first-line AML patients

under the age of 61. Unfortunately, no ap-
parent benefit of GO was observed with re-<
gard to achievement of complete remission
(GO-containing arm: 66%:; control arme: 69%)
or relapse-free survival (hazard ratio = 1.00,
p = 0.50}. Additionally; patients in the GO-
containing arm experienced a higher induction
death rate (GQ-containing arm: 5.8%; control
arm: 0.8%; p = 0.002) (45). Crities of the study
point out thar the dose of daunorubicin was
lower in patients in the GQ-containing arm,
which may have masked further benefivof GO
in induction. In addidon, the induction death
rate in the control arm (0.8%) was much lower
than the rate seen in other chemotherapy tri-
als of patients utider age 61, suggesting that the
trial’s findings might not represent.a realistic
picture of the clinical benefit or rigks of GO
(46, 47). Dspite these uncertainties raised in
the medical literature, Pfizer voluntarily with~
drew GO from the market at the request of the
FDA in June 2010.

Results of recent phase I trials suggest
GO may confer meaningful clinical benefit for
certain patient subpopulations. Together, the
open-label trials AML15 and AML16 randem-
ized 2,228 patients tareceive induction therapy
with or without 3 mg/m?® GO Irhath to als, ine-
duction therapy containing (GO was well toler-
ated withdut vnactenrable increases in toxicity.
The AMLLS erial showed'» significant susvival
beniefit for GO-¢ontaining induction therapy
in younger AML partients with favorable-risk
cytogenetics (five-year overall survival: 79%
with GO, 51% without GO; odds ratio = 0.32)
(#6). AML16 showed a significant survival
benefit in older AML. patients regardless. of
cytogenetic status {two-year overall survival:
35% with GO, 29% without GQ; p = 0.04)
(48). The phase Il open-label ALFA-0701 trial
investigated induction therapy with or without
lower, fractionated doses of GO (3 mgim® on
days 1, 4, and 7). The rationale for the lower
3 mg/m? dose was based on the responses
to lower doses of GO in the initial phase I
stadies, and dose fractionation is supported
by the rapid re-expression of CD33 molecules
observed after first exposure. This approach
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was remarkably successful, Time-to-endpoint
assesEMEnts event-free  survival
{15.6 months versus 9.7 months}, relapse-frae
survival (28.1 months versus 114 menths),
and overall survival (34.0. months versus
19.2 months) wete significantly more-favorable
for patients in the GO-containing arm (49).
The significant survival benefits observed in
these phase 1T studies suggest that induction
regimens containing GO may have an impor-
tant Future role in the treatment of patients
with good- or intermediate-risk AML (47).

including

Inotuzamab Ozogamicin
Inotuzumab ozogamicin (CMC-544) consists
of 2 humanized anti-CD22 1gG4 mAb con-
jugated o a calicheamicin derivative by an
acetyl butyrate linker that targets the normal B
cell surface antigén CD22, which is expressed
on the majority of non-Hodgkin lymphoas
(NHL)and acute lymphocyticleukemias (ALL)
of B cell derivation (41, 50, 51). Akin to the rel-
atively restricted maturational expression of the
normal myeloid antigen CD33, the B cellanti~
gen CD22 does notappear to be meaningfully
expressed by either lymphocyte progenitors or
menory B cells—possibly resulting in lower
chronic immunosuppression than might be
abserved 1n the context of comprehensive B
cell ablation obtained by other agents (52, 53).
Promising preliminary evidence of in-
ozogamicin antitumor  activity
was. abserved in several single-arm trials. In
the first dosc-escalation trial, inotuziimah
ozogamicin was administered to 79 patients
with ritltiple-relapsed or treatment-refractory
B cell lyinphomas as an intravenous infusion
every three or four weeks at doses ran ging from
0.4 to 2.4 mg/m?. Thrombocytopenia and
neutropenia were observed more cominonly at
higher dose levels, and the maximum tolerated
dose was defined as 1.8 mg/m? delivered evéry
three weeks. Thrombocytopenia not associated
with clinically meaningful episodes of hemor-
rhage was the most notable recurrent adverse
event. With the intention of allowing greater
tiine for platelet recovery, an expansion cohort

oruzainak
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increased the dosing interval to four wecks.
The overall response rate was 39% across
various lymphoma subtypes and dose levels
(52). Similarly, 2 57% -overall response rate
was observed in an exploratory phasc IT trial
in 49 adults and children with relapsed ALL
(54). Because allogeneic hemaropoietic stem
cell transplantation is particalatly useful as a
meang 6f securing long-term leukemia control
atnong patients with relapsed ALL whe schieve
rernission, it is also notable that a strategy em-
ploying inoruzumaly ozogamicin consolidated
hy allogrsft was reasonably well rolerated and
appeared to emable a proportion of patients to
achieve and maintain durable remissions (55).

On the basis of these collective findings,
multiple randomized trials in ditfuse large B
¢&ll tymphoma (DLBCLY) and ALL are likely
to help define the utility of this novel ADC
ANCT01232556 and NCT01564784). Dana
from these randomized trials should enable
regilarors and clinicians to determine if ino-
tuzumab dzogamicin provides greater clinical
benefit than existing treaument approuches
in patients with relapsed ot refractory B cell
cancers.

Early-Stage ADCs

In addition to the later-stage and commercially
used ADCs discussed above, many ADCs are
in early-stage clinical testing (Lable 1). CDX-
011 (glembatumumab vedotin) is an ADC it
phase If testing that consists of the auristatin
MMAE conjugated to a mAb that recognizes
GPNMB, a novel glycoprotein often expressed
at higher levels in melanoma and breast tumars
celitive to normal tissue. In a phase LI
trial in patients with unresectable late-stage
melanoma, CDX-011 showed overall response
rafes ratiging from 14% to 19% depending
on dosing Srequency and GPNMB expression
fevels (86, 57). In breast cancer, GPNMB
cxpression is associated with poor eutcomes in-
cluding reduced progression-free survival and
overall survival, This is consistent with results
in a clinical trial of heavily pretreated breast
cancer patients, which showed an asseciation
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between GPNMB expression and improved
outconies following CDX-011 treatiment, with
an objective résponse rate of 29% in GPINMB-
positive patients and 0% n GPNMB-negative
“patients (56, 58). A randomized phase 11 study-
is currently under way in advanced breast
catieer patients comparing the safety and
efficacy of chemotherapy of the investigator’s
choice ro CIIX-011 (NCTOI156753).

Another ADC in early-stage clinical testing
is SAR3419, a maytansinoid-based ADC tar-
geting CD19 in B cell malignancies. Ina phase
/1L spady in patients with relapsed or refrac-
tory CD19-expressing B cell NHL, including
follicular Iymphoma and DLBCL, 32% of pa-
tients achieved an objective response, including
six complete remissions. SAR3419 exhibited a
nianageable safety profile with no evidence of
myelosuppression (59). SAR3419 is currently
being tested in phase I trials in patients withre-
lapsed or refractory DLBCL (NCTO1472887)
and ALL (NCT01440179).

FUTURE DEVELOPMENTS

The use of ADCs as therapeutics is a new field
driven by innovation at all levels of develop-
juesit. At the preclinical Jevel, novel antigen
rargers for drug delivery are being discovered
@, 32). These include antigens found en both
hematologie and solid tumors. A great deal of
research is also underway to define new highly
potent drugs that are appropriate for ADC ap-
plicarions, These inchude the DNA-alkylating
agents dupcarmycins and  pyrrolobenzodi-
azepine dimexs, as well as the RNA polymerase
inhibitor amanitin (60-62). These drugs may

DISCLOSURE STATEMENT

complement the activities of the auristatins and
other drugs that are currently in advavced clin-
ieal wrials. Other advaricements heing made in
the field inchude site-dirécted mAb mutations
with both natural and unnatural amine acids
that permit specific drug atrachment and moré
wniform prodaction of ADCs with specific
drug/mAb ratios (63, 64). Besides having more
predicrable pharmacokinetics, such conjugates
may provide advantages in terms of olerability
(63) and stability (65). Finally, a considerable
amount of research has been direcred toward
antihody alternatives that might: penetrate
solid tumors more efficientdy thai mAbs
(66). Localization studies with an antibody
fragment-drug conjugate devived from a did-
body (imolecular thass 26 kDa) demonstrated
cumor localization. The disadvantages of this
copstruct  were higher-than-normal tissue
exposure and rapid blood cleararee, Despite
these sharrcomings, the diabady-based ADC
showed antitumor activity at tolerated doses
in preclinical models (67). Further studies are
needed to establish the potential of non-lgG
scaffolds for ADC drug delivery.

The use of ADCs has ushered in-a new era of
immune-based treatments for cancer. The cou-
pling of novel highly potent cytotoxic agents
with carefully engineered antibodies has pro-
vided tneaningful improvements 1o clinical ae-
tivity over unconjligated antihodies. The design
of niovel linkersand.n ew conjugation technolo-
gies have enabled further improvements in sta-
bility and tolerabilicy. Further honing of ADC
technology along with active clinical develop-~
ment programs will lkely provide new treat-
sments for patients with previously unmet needs.
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Her-2/meu and Breast Cancer
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Breast cancer s the most common ralignancy in
women and is estimated o account for 182,800 or 30%
of the new cancer cases in the United Staies in the year
2000 (50). Although the number of new breast cancer
cases has been increasing {representing a Iifctiros prob-
ability of 1 in § women developing breast eancery, the
death rate has been steadily decweasing an average of
1.8% per vear; it pow represenic the second leading
cause of death (41,943 or 15% of the total) from cancer
m women (505 This trend may be altobutable to earlier
diagoosis resuling from increased mammographic
screentng, andfor increased survival resulting from the
use of adjuvant therapy (88). In fact, in 1996, approxs-
mately 57% of all reported cases were diagaosed as stage
0 or 1 compared with 42.5% in 1985 (36,48). Mogecver,
according o consensug statements pokliebed by the
Early Breast Cancer Tnaliste Group, the ase of systemic
adjuvan! thexapy bas been found to reduce the odds of
recuirencs awd/or death from breoast cancer by 10% to
50% (42,43.59).

Clinical outcorme is affected by prognostic factors (56}
and predictive factors (39). Prognostic faciors are 8830~
ciated with either the roelastatic or the growth potental
of the primary wmor, Predictive factoxs are associated
with the relative seasitivity axdfor resistance to specific
therapies. Rountinely avaiable prognostic indicators m-
chude tumor size, type, and grade, axillary Iymph node
siatas, estrogen (ER} and progesterone (PR) receptor sta-
tus, as well as markers of proliferative activity (4,56,5
94,121}, ER status and PR status also serve as predictive
factore for expected response to hormene therapy {38).
Many other molecular markers are being lnvestigated for
thetr clinical vsefulness (108). One of the major molecu-
lar progunostic and predictive markers in breast cancer is
the amplification status of the proto-oncogene Her-2/neu
{c-erb-BZ} {17,56,66,120-122}).

BASIC BIOLOCY OF HER-Uneu

The Her-Zfnen {(cerb-R2) profe-encogens {8 2 compo-
nent of a four-member Tamily of closely related growih
factor receptors that inchudes the epidermal growth factor
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roceptor (BGFR or Her-Vo-erb-B 1), Her-3 {c-erh-B3), santaneous homodimerizatinn (5,9,17,44). A ligand that

and Her-4 {c-erb-B4) (9,17,32,60,67,108,120-122). This
proto-oncogens was diseovered in the 1880s throogh
“thwee independent Hnes of investigation (1321 the new
oncogene was identified as a transforming gese present
in uewroblastomas in feral rats (15] v, while c-erb-B2
(127 mad Her-2 (31} are human genes discovered by
their homaology o the retroviral gene \f<¢:ri>~B. Subse-
guent sequence analysis aud chromosomal mapping
studies found that men, Her-2, and c-erb-B2Z represent
the same gene (31,125}, This gese was found o be am-
plified in a mammary carcinoma cell line (79), and fur-
ther studies identified the oncogenic potential of overes-
“pressed Her-2/nen profein ox transfection of the gens
mte cell lnes (35,65},
The human gene is Iocated on chromosome 17621 and
encodes a 135-kDa protein with tyrosine Xinase aciavity
iso known by the designation pl85 (67,132}
the protein has extraseliular, ransmem-
Tl jy-,og riasnyic domains, the tatter of which con-
taine the tyrosine kinase domain (89,5667} and shares
ficant homology, although is distinct, from EGFR
10,56,73,155). Her-2/neu is thought to fupction as a
gmwth factor receptor and plays a role in cell differen-
tistion, adhesing, and wotlity (34,42,56). Under normal
circumstances, low levels of Her-Z/neu expre
eteciable ioumunohistochernically in a vaxiety of fetal
and adult epithelial cells thronghout the gastroiniestinal,
respiratory, and genitonrinary tracts (110). Arnplification
of the Ber-2/neu proto-onoogene or oversxpression of
the p185 protein, which generslly corelate with one an-
other (67,135) has been idenuificd s 10% to 34% of
breast cancers as well as in gastrointestinal, pulmonary,
"and genitourinary lumors {66,57,108,121,122). Invest-
gational stodies suggest that overexpressed Her-2/meu
plays a direci role in the pathogenesis and aggrossivencss
of mmors through several Hnes of expenomental evi-
dence: transfection of Her-2/meu intc non-neoplastic
cells effects malignant transfermation (39,64); transgenic
yoice expressing Her-Zinens develop roaminary tumors
(54); and the presence of Her-2/nen overexpression may
‘f‘e associated with the developmesnt of metastatic disease
(534). The mechavism by which overexpressed Her-
lcadh to & neoplastic phenotype has been 48500
at least two factors: ite ability to induce resisiance io
tumer necrosis factor-«, 2 protein that has been shown to
play an imporiast role in tumor cell killing o vifro'as
well as in vive via cyiotoxicity mediated by macro-
phages and nawaral Killer cells {63), and its activation of
several different signaling pathways that lead to gene
activation, ultimately resu
Althongh the mechanisw of activation of Her-2/neu bas
ant been completely elucidated, it 1s thought to involve
the formation of heterodimers with other mermbers of the
cpidermal growth factor {EGEF) fandly of receptons of

o6 are

lting in cell proliferation (7).

\

divectly binds the Heo-2fneu recepior has not been iden-
tified, although 2 farsily of peptide ligands named neu
differentiation factors {NDF) or heregulins have been
identified thai hind to the Her-3 and Her-4 receptors,
inducing helerodimerization with the Her-2 recoptor, and
thereby }r‘duciﬁg fransphorylation and thus activation of
the Her-? receptor (9,44,36,56 67,73, Heteradirers be-
tweent the BGFR (Her-1) and Her-Z/nens can alse form on
binding of Hgand swch as BGF or trapsforming growth
factor-a {TGF-o) to the BOFR (44).

PROGNOSTIC ROLYE OF HER-MnenSTATUSR

The association hetween Her-2/men gepe amplification
and poor prognosis was firet determined in 1987 by
Stamon et al, (134), whose results showed that axplifi-
cation of fhe Her-Z/neu gene was strongly comrelated
with tune to relapse (disease-frée survival [DFES] and
overall survival (08). In this stady, 28% of the poamary
breast cancers studied showed a 2- to 20-fold gene am-
plification as assessed by Southern blot analysis. On
roultivariate analysis, sroplification of Hex-2ineu re-
tained its indepemdent prognostic sigaificance when
compared with size of turoor, hormaone receptor status,
and number of involved {yroph vodes (1 4 134 A sub-
sequent stady perforresd by the same group {135) con-
firmed the independent prognostic significance of Hex-
Zénen amplification in predicting DFS and OS iu a sub-
group of sode~positive patients, but uot o a subgroup of
node-negative patients. In addition, 2 strong and direct
correlation was found betwean Her-2/nen gene amplifi-
cation as assayed by Southern blot analyeis and overex-
prz,s:,lon a5 assayed by Morthern blot analysis for RNA
expression, and Western biot analysis and immunokdsto-
chemisiry on frozen sections for protein overexprassian.
Complete concordanecs between all of the tests was pres-
ent in 90% of the sameples that were found to be ampli-
fied. However, a minorzity of cases {10% of the samples)
showed overexpression ai Jw RMNA and protein levels
without amplification of the Her-2/nes gene (135}, indi-
cating that in a minority of instances m@a,hanisms other
than gene amplification may be responsible for Her-
Zimey oversxpressica.

Since these imitial studies, at least 52 public

AORS
1 >-16,975 patients have exploved the prognaostic
m'!m!'i aance of Her-Unew gene ampiificafion {85 as-

essad by Scuthern blot analysis, slot blot testing, poly-
e chiain reaction [PCR], finorescence in sita hybad-
fion [FISHI and chromagenic in situ hybridization

jz

[CESHD, and/or overexpression (as assessod by Westera

blot analysis, immunchistochemistry (HC] on frozen
and fixed tissnes, and enzyme-finked immunosorbent as-
says {ELISAT) (103 Gverall, 46 of the 52 studies (85%}
have shown that Ber-2/nen amplification or overexpres-
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sion predicted 3 worse ouicome 1o either univagate o
mulfivariate analysis, whereas € of the 59 studies {127}
showed no comrelation between Her-2/neu status and eut-
corae, O the 46 stadies thatl showed a pos
tien between Her-2/nen status and outcome, ma]twanatu
analyses were perforosd 1o 39, Thirty-three of these 39
stadics showed that Her-2/new was an independent progu
nostic indicator in multivariate analysis; & studies re-
purted propaostic sipnificance n univariste analysis
alone {10}

These differences in study resulte are thoughi to be
attributable to issues of study design, differences 1o pa-
tient populations studied, length of follow-ap, and most
importantly methodologic variability yeparding the test-
g of Her-2/new status {8,29,61,92,1091. Ouve receond re-
vigw {320 4(1 the intoresizog ohservation that five of
sk stadies (83%) that failed 1o show Her-2/nen status as
an independent pmgam»uc ater and four of six smdies

57 %) that showed no coxrelation between Her-2/nes sta-
"lls zod progoosis were performed using IHC, This is

consistont with recent data indicating that Her-2 resulis
chtained by this testing method are somewhat Jess well
correlated with clinical and bislogic paramseters than
Her-2 results obtained hy FISH (see below), because of
the greater degree of technical vadability present da 10O
methods, aad/or the inchision of spacinens overeXpress-
mg Her-2 1o the absence of amplification.

Her-Uneyn in Node-FPositive Breast Cancer

The progrosiic importance of Her-Z/nen has alse been
analyzed in the context of patient subgronps with node-
indd node-pegative disease, Many of the studies
that exanned the prognostic importasce of Her-2/neu in
patisnts with positive Lyraph nodes have shown that Her-
Ulnen amplification/oversxpression 1s assockaled with 2
worse outsome in either univariale or ranitivariate analy-
sis (56,2224, “3,5'7,83..92,93,96,113,128,133-135:139,
142,146,152,133), and many have shown that it wain-
tains independent prognostic significance in determining
shorter DFS and/or OF in multivariate analysis
{6,53,83,93.96,113,128,133-135,139,142,146,152,133).
A fev stndies, bowever, have not shown siatisticatty siyg-

ificant comrslation (39,149,

Her-2Mneyw in Node-Megative Breast Cancer

The progonostic i vtance of Her-2/nen
in pafients with negafive
iyraph nodes has shown sixed results. Although many
studies have shown that Her-Z/ren amplifica-

tion/overexpression is associated with 2 worse outcome

ampiification/overexpress

in these patients (7,41,533,100,112,113 117,128 152,153}

“

ubsets of these pattents (3,721,963, an egual suorber
of stodies have not shown any significant correlation

3

{8,24,24,39.43,92,93,119,133,135,139,144,146). Muore-
over, only a few of the studies that showed 2 progno
importance for Her-2/nen amplification/overexpression
in patients with sogative lymph nodes have shown that it
maintains an independent significance for DFS andfor
0% in multivariate anal (7,53,109,113,128,152).
These conflicting resnlis arve stiributed to the differences
in sample size and length of follow-up among the various
studies, winch would affect their atulity 1o detect a sig-
nificant coreslation betwesn prognosis and Her-2ineu
statias dn thls setiing where a fewer nurober of events and
recurrences are xpacted (61,109,112, 114). Nonetheless,
sxarninating of the studies that iovolved »100 patients
with >3 vears follow-up {114) shows egually conflicting
resulbts. Thus, although it is generally accepied that ps-
tienis with peositive iymph nodes and H»rmmeu
amplificatio: an“EexperblC"'J have & worse prognosi
thc DIOEno significance of IIbl‘A"/ﬂ@’f status 1o 1"
ents with pegative bymph nodes is unvesolved.

Her-2ineu and Other Progunoestic Factors in
Breast Cancer

Mary attempis have been made to comvelate Her-2iney
amplificatiop/overexpression with other prognostic
factors in breast cancer, but these have also fonnd in-
consistent resulis. Although many studies bave shown
an association between Her-2/mew aroplifica-
tion/oversaprassion and the 3 HE and PR
(6,7,16,22,2 7,60,88,93 128,134,139, 142, 1533,
o!hen have o (2,11,39,49,533 109,317,144, 1453,
Many studies have comrelared Her-Z/neu amphifica-
tion/overerpression with poor histologic or nucicer grade
of the primary tumor (8,11,19,22,51,33,57,96,1 17,134,
142,1445,147,153), whereas others have not {2,7,21,49,
60,93,109,144,149). Fikev the assceciaiion with posis
tive lymph nods DLy ftmtm i some studies (6,22,57,
G2,1728,134,139,142,145) bas not been confirmed by
others (2,11,24,39.49; $,346,149,153)
Muost studies found no siion with fumor (6.7
§.49,51,92,93,109,113,117,128.134,139,142, 144,
1533, althongh a fow did find an association with larger |
mmors (32 cm) {(22,24,149). Gther studics have assos-
ated Her-2/meu amplification/overexpression with

nigher tumor ceil proliferation rate as shown by mors
mitnses (60,146,147 or a igher S-phase fraction (6,22).

PREDICTIVE ROLE OF HER-2/men STATUS IN
RESPONSE TO THERAPY

Combisation Chernotherapy

mined for its role as a

Her-2/neu has alao boen ex
e }‘uap - These sindies

predictive factor
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evainaied the effectiveness of chemotberapeutic regi-
mens conumning cyclophosphamide, rusthotrexate, and
flecronracil (CMFE) in patients with or without
sroplification/overexpression of Her-2/men (87). Allred
ot al. {3) randomized a group of 306 patients with node-
negative disease and high-osk turmors {BR pegative or
ER positive and Jarge [>3 omi) to freatment with adiu-
vant chemetherapy with CMFP {with prednisone) versus
no chemotherapy after surgery. Patients with Her-2ineu-
negative tunors who were treated showed a significantly
longer IDFS than those who were unireated, showing that
patients with Her-2/nen-negative tumors benefit from ad-
juvant therapy. In contrast, patieots with Her-2/neu-
- tmors who received adjuvani therapy showed
no significant difference in DFS frors those who did nog,
rmplying a relative resistance of Her-Z/neu-positive u-
rmors to CMF. Howaver, the small number of patients in
the Her-2/neu-positive suhgroup and the small nursber of
relapse events in this subgroup suggest that this study
may bave been vuderpowered acd thus vnable w detect
a significant difference {101). Gusterson ef al. (33) stud-
ied a gronp of pationts who were treated in the Interna-
tional {Ludwig) Breast Cancer Study Group Trial V,
which jucluded both node-positive (o == 46) and node-
negative (n 60) subgroups. Paticnts with node-
negative disease were randomized o receive a single
cysle of perioperative UME versus no therapy after sur-
gery, whereas the node-positive subgroup was randoxs-
ized to a single ovcle of penoperative CME versus peri-
operative CMFEF with six additional cyeles of CMFp (in-
clading tamoxifen for postmenopausal patiexds). For the
node-negative sabgroup, Her-2/new stats had no effect
oo D305 or OS in patients who did not receive auy
therapy, but patients who received perioperative CME
had a worse outcome if thelr mpnors were Her-Zinen
wositive. In the node-positive subgronp, patients who had
Her-2/meu~-positive tumors had 2 worse swieome in both
treainent arms, suggesting that Her-2/nes overexpres-
sion is correlated with a decreased response to OMF
fherapy. Howsever, because the number of patients in the
Her-2/neu-positive subgroups was again small, & beneft-
cial effect of wreatment tay have becn missed. As well,
the addition of mmoxifen may have confounded the re-
subts (301, Several additiona] swudies have also sug-
gested a relative resisiance of Her-2neu-posifive umors
1o CMF (5,101.122,142). However, a recent study {&8)
found that patients found to be Her-2/men positive or
negative by JHC both benefit from CMF treatroent

i

Amnthracyclines

wtrast o the reiationship between positive Hex
ms and resistance to CME therapy, studies ex-
amipiog the association between Her-2Z/neu status and

rasponse to anthracycline-containing therapsutic reogi-
- X 2 g

“although up to 50% of patisnts with receptor-positive

mens show that Her-Zfnew-positive tumors have -
croased sensitivity to antheacyclines. In a study repouted
v Muss et al. {89, 442 xandom tumor samples from
572 patients with node-positive breast cancer carclled
in a Cancer and Leukemia Group B (CALGE) trial were
evaluated for the predictive role of Her-2fneu status. Pa-
tienis were randomized to receive high, rooderate, of fow
doses of cyciophosphamide, doxorubicin (Adriamycin),
and fluorouracil ({CAF) chemotherapy. Patients randomly
assigned to yeceive high-dose CAF had a significactly
longer DFS and §F if theilr tamors were Her-2/reu posi-
tive than those whose trmors were Her-2inen negaive.
Morcover, patients with Her-2/neu-positive furaors
showed a dose-response relationship to the adjuvant che-
motherapy compared with the Her-2/new-negative tu-
maors, which did not show any dose-respouse effect. This
stady showed that Her-2/new-positive tumors are sensi-
tive to antheacycline-based chemotherspy in a dose-
dependent rmanper. A follow-sp study repotted by Thor
et ab. (143} using a second cohort of patients from the
original stody showed similar resulis. Another study re-
ported by Paik et al. (95} retrospectively studied patients
who had fymph node-positive, hormone receptor-
gagative br cancer enrolled in the National Surpical
Adiavant Breast and Bowel Project (NSABP) B-11 tial
who were randomized to yeceive either L-phenyiaianine
mustard and flaorcuracil (PF) or PP with doxorabicin
{PAT). Results showed z significant benefit from PAF
with respect 1o DFS in patients whose fumors were Her-
2/new positive (but not Her-2/new negative}. In vitro stud-
ies have shown that amplification/overexpression of Her-
“inew in breast cancer cells is frequently correlated with
coamplificationfexpression of topoisomerase I (5,74,
89,137, Topoisomerase o is an engyme involved in
DINA replication that acts by genersting and reseaking
double-strasded DNA breaks (74,1373, Topoisomerase
o is & target for several anticancer dougs, ncinding
doxorubicin (5,74,89,137), which inactivate this enzyme,
feading to the accumulation of double-stranded DNA
breaks, which are lethal 16 the cell {74). Semsitivity to
theae chemotherapentic agents is correlated with the
fevel of expression of this enzymne (137). This may
expiain the ssusitivity of Her-2/reu-amplified/over-
expressing Renors 16 anthracycline-containing chemo-
therapeuniic regimens (5,89).

]

&

s TF

Tamoexifen

The predictive effect of Her-2/new ampiification/over-
expression has also been studied in relationship to
tamoxifen therapy. Expression of botrnone receptors is
ociated with increased response (70-80%) to wmoxi-
fen therapy smong

patienis with advanced breast cancer,

<

rumers will wot benefit from such therapy and approgi-
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mately 10% of those with receptor-negative tuyors will
respond (42). Many of the studies addressing this ques-
tion concinde that patisuts with tumers with
amplification/overexpressing of Her-2/neu do not ye-
ond of may even do waorse with tamoxifen therapy
(5.33,42,122). The first report of an association between
Her-2/neu and poor response to tamoxifen therapy was
that of Nicholson et al (81). They showed that the te-
sponse rate of twmors overexpressing Her-2inew i pa-
tients with metasiatic breast cancer treated with tamoxi-
fen as first-line endocrine therapy was 7% compared
with 5 response rate of 38% in tumors that did not over-
express Her-Zinew (1), Moreover, five of the |IX
tients who were positive for both ER and Her-2/neu alse
did mot respond to tamoxifen. A subsequent study per-
formed by Wright ot al. {154) sbowsd that the presence
of Her-2/1eu overexpression redeced the response rate of
ER-positive tumors froe 48% o 20% and of ER-
negative trmors from 27% to 0% (F < 0.01). Kiijn et al.
(80) ohserved that 79% of patients with Her-2/neu-
amplified metfastatic tumors treated with tawoxifen as
first-fine therapy showed progressive disease compared
with 47% in patients withowi Her-Zfrew-amplified tu-
mors (P = 0035} In the adjuvent setting, Borg et ab
(23} studied the S-year swrvival in a gronp of nounran-
Somized patients who were treated with surgery alone or
swrgery with tamoxifer. Araong pationts treated with ad-
juvant tamoxifen, S-year OS was significantly worse 1¢
patients with Her-2/mep-positive tumors {(40%) comnparcd
with Her-2/neu-negative tumors {(67%) (F < 0.0001).
However, in the untreated group there was no significant
differsnce in S-year OS between patients with
Her-%/neu-positive tumors {39%) versus those with
Her-2/neu-negative turmors. Awmong patients with hor-
mone receptor-positive turuors and node-positive dis-
sase, patients who received tarcoxifen once again
showed a significasily woree S-year QS if their taraors
were Her-Z/neu positive (34%) versus negative (73%) (P
< (.0601). In the unireated group, there was no signifi-
cant difference in S-vear OS between paticnts with Her-
Hrneu-positive tumors (54%) versus Her-2/neu-negative
mmors (66%), Although & direct corapadicon between the
ramoxifen-treated and notreated groups cannot be made
on the basts of the nowrandoruized design of the swudy,
ihe results suggest that taruoxifon treatment in patients
with Her-Z/neu-positive twmors shows a decreased O3
compared with patisnts with Her-2/nen-positive mrones
who are not treated (80). The first randomized chuical
study that examined the association between Her-2/nen
overexpression and tarsoxifen treatment was reporied by
Cadomagus et al. {28), who retrospestively stodied thig
ation in a proup of patients with node-pegative
disease who were enrolled in the GEIN-1 wial duiing a
mean follow-up of 12 yeais. Patients were randordy |
signed to receive Z-year treatment with adjnvant tanu

agitive Her-2/mew status was
: n 30% of patients and we ficantly asso-
ted with larger mumor size-and decreased ER expres-
sion (P = Q.01). Among the Her-2/neu-negative pa-
tients, adjuvant tamoxifen projonged DES and showed a
trend toward longey OS. In contrast, in Her-Qfmeu-
positive patients, uot ounly did tamoxifen treatment not
affect DS, but it also appeared to have a detrimental
offeot on O8, although the authors cautioned that this
rasult was based on a small cobort of patients (265, In
addition, the course of tamoxifen therapy was 2 years
instead of the 5 years commonly ussd s the United
States. In contrast, Elledge et al. (45} found no signifi-
cant association between resistance to famoxifem or
worse cutcome on treatrment with tamoxifen in patients
with metastatic tumors that were positive for both ER
and Her-2/nen. They conciuded that other studies show-
ing such an asscciation might have derived that result by
failing to strictly exclude ER-nepative tumors, as they
would normally show a decreased responsiveness to
tamoxifen and wonld be more likely to bave higher fov-
eis of Her-2/nen. The decreased BER expression might be
a contributing factor in some of the above studies bat is
unbikely to be a major contributor for the different out-
comes of tamoxifen treatment between Her-2insu-
positive and -negative pafients.

fen or no adjuvant therapy. P
detecied

NMechanism of Hormoene Resistanee in
Her-2inen-Posttive Twnors

This has been the focus of pruch laboratory invvestiga-
tion. Bxperimental studies used MOF-7 cells, = breast
cancer cell line that reguires estrogen for growth, has a
single copy of the Her-2/nen geus, and lacks hereguiin
expression (33). Transfection of MOF-7 cells with the
Her-2/neu gone induces estrogen-independent growth of
these breast cancer cails {33,82,106) and resistance 16 the
prowth-inhibideg effect of tamoxifen in both in viwe
{18,106} and in vivo models {18,82), an effect that can be
reversed by the addition of anti-Her-2 menoclonal anti-
bodies {0 viiro (106). Forther evidence of a connection
between the FR and Her-2/neu pathways comes from
experiraents that show that exposnes of ER-positive/Her-
Uneu-positive cells to estrogen induces a dose-depen-
dent decroase in Her-2/neu exprossion at the mBNA snd
protein levels (115,124} This effect is probably medi-
ated through an estrogen-dependent part of the Her-2/nen
promoter (124} and can be reversed by the addition of
antiestrogens (11%). Moreover, in MCE-7 cells, both
stimudation of Her-2/neu by addition of heregubia or
overexpression. of Her-2/neu protein by transfecton of
the Her-2/neu gene induces both & dowsregulation of the
¥R as well as activation of the BR pathway. Activation
of the ER pathway consists of phosphoryiation of ER on
tyresine residues, micisar bindiag of the ER, and activa-
ton of ER-induced trauscription of specific proteins such

o)
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as PR {10¢). After prolonged acitvation, the celinar con-
tent 0f PR is also reduced, leading to a cellular phenotype
that is sieroid receptor negative and therefore less sensi-
tive to hormonal manipuiaton (106).

Taxanes

The etfect of Her-2/new oversxpression in relationsbip
to sensliivity 1o taxanes hae alse been exarsined, Pachi-
taxel {Taxol), one of the flrst taxanes exaonioed in choi-
cal tuals, has been fouad v be active against yuany can-
cers deemed refractory io conventional chemaotherapy.
This drugz acts to inhibit microtubule disassembly and
promote tubulin bundling, leading to cell death by dis-
rupting cell division (123). Early trials of pacHtaxel sen-
sitivity 3n women with metasiatic breast cancer have
shawrn response rates ranging from 7% to 2% {123). In
& stady perforesd at Memorial Skhoan-Beottering Cancer
Ceorer (13}, senstiivity o taxanes was studied 1B a group

of women with meiastatic breast cancer. The overall re-
sponse rate o the taxane wias 47%. Among the patents
with Hes-2/neu-positive iwmors (37% overall), a signifi-
cant response rate of 65% was ohserved versus a re-
sponse rate of 36% in patients with Her-2/new-negative
tumors. The observed sensitivity 1o taxanes in Her-2ineu-
positive s winsined even after controlling fus con-
founding vaoables that were correlated with Her-2/mau
svereKpresst i s thought to act via ac-
thvation of the Her-2/neu signal twrassduction pathway,
which is thought 1o lead o drag-toduced apoptosis {13}
Nonetheless, these chinical resulis ame in coufBct with
experimental data that suggests that Her-2/neu overex-
pression in ransfected mammary cells leads to resistance
1 faxanes in viro {28,136).

HER-Z/nen AS A TARGET FOR THERAPY

Althongh pumerous studiss have sagg
Ifnen amphification/overexpy 3t Ay P ;
siveness o conventional choraothempautic re gltzmzss, the
presence of an overexpressed oncoproiein alse provides
8 target for specifically designed alternative therapoutic
5ir3EEZIEs.

gested that Her-

Experimental Yatidation of Her-2/nen Protein a5 a
Therapeuntic Targed

Experiraontal stadies su ¢ that Haer-Zfnen over-
expression piave a direct ole in the pathogenesis an
eness of the neoplasiic pheuotype, and that this
mmorigeme poteniie re of Hee-
2ineu~overenpressing ceils to monocional antibodaes di-
rected at pi&5 {39,64). These findings suggested that the
Her-Zfnen oncoprotein might be a weeful therapeutic tar-
get. Several laboratory groups produced many different

g
{

apre

s reversible on expe:

menaclonal antbodies directed against pi83 (40,4758
138). Antibodics directed at ;)385 were Tonad (o inkd
the necoplastic phenotype of Hor-2fneu-overexpressiag
tumor celis in vitro, as evidenced by the inbibition of
anchorage-independent growth {38,358}, monolayer -
oy grawth {58), and Um“'l}‘ of colonies R s

(30,37}, In addition, ant-plis monecional antibo di"ﬁa in-
hibited the tumorigeunic growth of Her-2ineu-
overexpressing oy ceils in transgenic roice (s vive
recdely {38 58,1338) and sensitized Her-2inen-
oV rcxprf‘ss}r’ cells W termor secrosis factor-o (64,
Sensifivity 1o the growih iohibitory effects of the mouo-
clomnal :—m[;bodv was foued {0 be directly refated o the
level of expression of Her-2fnew, with the highest ex-
pressors showing the greatest inhibition of ceil growth
#:4,81). This effect appeared i he specific becanse un-
tnm formeed cells were not affected by application of the
antibody (47}, Examination of the potency of the varicus
moncclonal antibodies genm.ﬂt d f nnd fhat the muripe
wmoncclonal antibody 403 directed against the extracel-
fnlar doemeain of the Her-2/nen receptor showed the maxi-
oueyt infntitios of celivdar proliferation in vitro apd in
vivy {64,81,130% However, because muuoas snsbodics
are mited clinically as a result of their irormuno genicity,
the 413 antibody was “haroanized” by constracting 2
fusion antibody that ’a’)]f;bl]lc the munine anfigen bind-
ing loops with the human variable region framework and
the 131 constant domains (27}, The resuiting antibody
had a bagh affingty For p185 and markedly inhibited the
prowth of breast tumor cells exhibiting higl‘- leveis of
Her -Zimen overexpression (7). This antibody-induced
growth indnbition of Her-
cells has been associated w

Finew-oversxprassing cancer
bz reduction su the immb-«r
of tumor cells undergoing 5 phase, a down-moduiat
of the Her-2/nsu receptor, a reduction in vasculae endo-
thelial prowith factor production, and an increased induo-
tion of anfibody-dependent cell-mediated cyiotoxicily
against these tumor cells {136)

Phase 1/2 Triaks of Herceplin

Based on these prechuical data, the recombinant b
manized anti-Her-2/nen roonoclonal snaibody Lmam-
zamab {(Hercepiin} was tested in several ph
and subsequently in a phase 2 clinical wial repe n’ted oy
Basciga et al. {14,15). This stady evalusted the safety
and cfficacy of Herceptin in 46 paticnts with metasiath
breast cancer whose tumors overexpreased Heo-2fnen as
avaluated by HTHC using the monocional antibedy 4DS,
Catients esrolled in the ¢ had extensive metasiati
ease, with 35% exiibiting three or more metast
sites. Most patients had received prior chemotherapy,
witht 63% having received two or more regimens for
metastatic dicease, Moreover, B0% of the tumors exhib-
ited high levels of Her-2/new overgxpression, as defined

et
5
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expressing cells, which led to an enhanced drug-induced

by the presence ol pasitive membrane staitng in >50%

of the ceils on BT, Toxicity was minim and no re-
cipient auttbodics were developed to the doug. Fhe over-
afl response rate wag 11.6%, which included oue com-
plete remission and five partal rem

A second frial evalpating the safety and efficacy of
Herceptin as a single agent was reosntly reporied by
Caobleigh et al. {30). This multinational study involved
222 wormmen with Her-2/neu-overenpressing metasiatic
breast cancer whose discase progressed after chemo-
therapy. Her-2ines states was detormined by T using
the monocional antbodies 405 and CB11. Ouce again,
the study group involved patients with advaoced meu
static dissase and extensive prior therapy. Ao overall
response vate of 15% was achieved, which included 8
corapleie and 26 partial rempissions, with a median dura-
tion of response of 8.1 months.

Hercepﬁ;a as Siogle-Agent Therapy

Prebimisary tesults from an additiona] clinical rial ex-
arnining the safety and officacy of single-agent Hercapti
ju the fest-line teatment of Her-2/nau-overexpressing
metasiatic breast cancer in patients who have ot beeo
previcusiy treated with chemotberapy {or rastastatio dis-
eage have been recently reporied (129). Patients enrolled
in this trial had received extensive adjuvant chemo-
therapy previously and were mndaemized as to the dose
and schedude of Herceptin, An overall response rate of
23% was reported, which included 6 complete and 20
partial responses.

Combination of Herceptin and Cisplatin

Evidence from preclinical tals showad that the com-
Bination of anti-Hee-2/meu teceptor moncelonal antibod-
ies and the DMNA-darnaging drag ciepiatio showed a syn-
ergisilcally gresier growth iohibidon of Her-2/meu-
overexpressing cells and xenografis (35,107}, Based on
this data, a clbrical trial conducted by Pegmam of al.
(106,102 was designed {o examine the safety and re-
gponse to ireatment of the combination of Hercepiin and
cispiatin in 3 group of 39 patlents with advanced and
previously treated metastatic breast cavcer that had pro-
gressed during standard chemotherapy and overex-
pressed Her-B/mew a3 deterrmioed by [HCO using the
monocional aniibody 4 1, 2 24% response raie
was obtained, with a roadis: panse duration of 5.3
months. This was a significantly bigher response rate
than had been previously reported for cisplatin (7%} or
Hercepiin {11%) alone. The synergistic effect of thas
corobination was ativibuted to a marked decrease in DA

synthesis and a reduction in the repair of cisplais-
induced DMA adducts sesn in the Her-2/nzu-over-

cytotoxicity (1073,

Combination of Herceptin and Other Agents

Similar preclinica] studies wers performed using the
combination of Hercoptin with many other chemothera-
peutic agents in both in vitro and in vivo models (12,29},
These experiments showed that the combination of Her-
cepiin with doxombicin or paclitaxel, among others, 1-
snlied in a greater inhibition of tumor cell growth com-
pared with that obiained using either ageut alene. These
dara formed the basis for a randomized, controiled, mul-
tinational wial aimed at determining the safety and offi-
cacy of Herveptin in combination with either doxonbi-
cin or paclitaxel. Patients with Hee-2frer-overexkpressing
metasiatic hreast cancer without prior treatment of raeta-
static disease were randoraized o receive Herceptin with
dexcrabicin/oyclophospbamids (AC) or AC alone, if
they had pat previcusly received anthracyclines in the
adjnvant setting, or Herceptin with paclitaxel or pacl-
1axel alone if they had (128). Freliminary resulis showed
an overall response rate of 65% in patients receiving
Herceptin and AC compared with 42% i patients re-
seiving AC alone. Simidacly, the ovend response rate fox
patients receiving. Horcoptin and pacBtaxel was 37%
compared with 25% for patients rsceiving pachitaxel
alone (129},

METHODS USED FOR HER-2fnen
STATUS DETERMINATION

The increasingly important prognosiic, pred
therapeutic role of Her-Ziren status in breasi cancer
weatment tudey has highlighted the seed for validated
and standardized testing methads. The use of many dif-_
ferant testing rusthods o prior studies is regarded ag one
of the wmajor causes for the lack of consensus among
studies and a major contibuior to the difficsity in com-
paring the results from different studies (56,98,111),

Her-2fneu status has been determined by many differ-
ent assays io the past, which include methods direcied at
evaluating cncoprotein oversxpression or gens ampl
cation. Methods by which pl185 overexpressi
determined include THC on frozen or formalio-fized par-
affin-embedded tisses, ELIEA analysis oo fumor oyto-
sols or serum, sl Western blot analysie, Overexpression
can alse be detected by evalnation of ieHERNA expression
ty Northern biot asalysis. Gese amgplification can be
determined by Southem blot, slot blot, CISH, FISH, and
POR {56,120-322).

pve, and

i

Technical Cosmparison of Methods

There are many advautages and disadvantages ju the
techniques uged for determining Hor-2imew status. The
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solid matrix blotling techuiques, which inciude Sonthem,
slot blot, Northern, and Western blot analyses, are -
ited by the dilutional artifacts that arise from the vari-
ability in the conient of fumor o siroma present in a
given samaple. This is particularly irmportant in breast
cancer, where inflaromatory, vascualar, asd siromal cells
and in sifu carcinoma may constitute a significant portion
of the sample (56,101,135}, This diloticual artifact 3s
most influential in Western blot analysis because the
large amounts of noncellular stroma can contribute sub-
stantial amouats of extracellular mateix profeins to the
lysate, whereas the poor celluladty will contribute only
minimally to the fotal TENA or RNA exiracted from the
specimen {135). Moreover, the use of these methods re-
quires large amounts of tissue for analysis; this may be
problematic (135), cspecially today, because the average
tuinor siwe is simalier as a result of infensive screening
programs (3&), The BLISA technigue perforraed on -
mor cyvtosels atso suffers from the same disadvantages as
the solid matrix blotting technigues: it is adversely af-
fected by dilntional artifacis and requires large smounts
of tissue for analysis (120,121). Although PCR is & very
sensitive techiique that allows the evaluation of small
amcuneds of toraor (17,101}, 1t is also affected by dilu-
tioual artifacts. Moreover, its application as a quantita-
tive technique requires a raore dexpanding procedure that
includes the construction of internal controds {131). Fur-
ther, none of the previcusly described methods allows
simultancous morphologic assessment of the tissus to be
tested. Thus, unless raicrodissection is used to isclate the
area to be studied, the resulfs from all of these tests may
be affected by the inclusioe of in situ carcinorna, which
may e.xpre%s bigh levels of Her-2/neu (120,121,149). In
CconiTast, /s that involve the nse of tissue sectious,
such as H**" and FISH, are advantageous in that they
require less tissue for evaluation and preserve the histo-
logic architecture of the examined tissue. This latter
characteristic not only allows evaluation of the specific
arca of intercet, but also alleviates the problem of diln-
tianal artdacts (101}, Mareover, both THO aud FISH can
he fully antormated, alowing for their practical useful-
ness in the clinical laboratory setting (70,120).
Regardiess of the method vsed, an overall h
cordance has been found between gene amplification,
BMA expression, and protein ovexexpression as detes-
rejned by Southers, Northern, and Western blot analyses
and FHC, 1 the view that Her-2/neu oves-
ax},rcsalcn is pr‘r:domjjmmly due to gene amplification
(111,11%,135,151). Of the specimens that showed Her-
2inew gence amplification by Southern blot analysis,
Siamoen et gl, {135} found discordance {no overexpres-
sion) in 6% of specimens lested by Western blot, 2% of
those 1'ect'r‘d by Nm‘-‘ham plot, and 1% of those tesied by

Her-Zduen I Impact of Fixation and
Antigen Retrieval

Ais'h-‘m:ah HT has been the pradorinant techuigus
ased 1o assess Hee-2fnew, 1tis affected by many technical
\/armbi s. The t.-u formance of this test on fixed, paraffin-
embedded tissne as opposed to frozen tissue resuits in a
reduction of staining because of the loss of antigen re-
activity resulting from the fixation process. This problem
is most significant in tumor samples contalning moderate
amounis of Her-2/meu overexpression {135), which may
not be detectable when the tissue is fixed (15335). Yo ad-
dition, the type of fixative vsed (3103) and the storage
duration of the fixed material (20,71} will affect the
siaining hlensity obtained. Al <3 these factors counld
contdbuie 1o false-negative results, However, the method
of antigen refrieval used o counterbalance the fixation-
inducad loss of antigen reactvity will refhuence the de-
pree of nonspecific staimoyg obtained, possibly ieading to
false-positive reanits (120}, Although the performance of
IHC on frozen tssue is an effective, reliable technigoe
(56,101) that circumvents the problem of fixation-
induced reduction of antigen integrity {101,135, it has
practical limitations due to the availability of fresh or
frozen tissve on which to perform the test {120). This
Bmitation 38 particalady relevant when the test is per-
formed 10 reference laboratories or when archived mate-
rial is fested retrospectively.

Her-2/ner THC: Impact of Primary Antibedy

One of the most imporiant variables that affects the
results obtained from THOC s the iype of antibody used in
the assay, because each antibody varies considerably in
its ability to detect overexpression after tissus procossing
for paraffin embedding (25,56,111). One study that ad-
dresses this question was performed by Press et al, (111},
wio evaloated the sisining characteristics of 7 polycional
and 21 mouocioual antibodies on a panel of formalin-
fixed paraffiv-embedded tissue sawmples. These tumors
had been proviously charactenized as to their Her-2inen
status as deterndned by Southera, Noxthern, and Western
biot analysis as well as by IHC performed on frozen
tissne. Depending on the antibody used, IHC apalysis
performed on fixed, paraffin-embedded tissue showed a
sensitivity ranging from ¢% to 80% (111}

Her-Zinen THO: Significance of Siaining Patiern

Although most studies evalvating Her-2/neu overex-
pression by [H have considered ondy membrasous
staining infensity and patiem, many different studies
noted that coytoplasmne siatning reay also be present.
However, because pif3 is located on the plasrna meme

“brane, only membranons staining can be considered a
£

reliable sign of overexpression (unless the cytoplasmic
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localization can be sxplained by internalization of the
membrane-bound receptor) (34). Moreover, cytoplagmio
datmng has not been found to comrelate with gene am-
plification (34,111,141} and is currentdy considersd non-
apecific. This view was correborated by one study that
found that cytoplasimic staining was uot significanily as-
sociated with prognosis 1o 2 subset of patients with node-
positive disease (56,1472), sithongh another study showed
that breast casoers with moderate o strong cytoplasmic
staining 4id sogelate with poor prognosis (56,78},

Her-2/nen IC: Impact of Scoring System

Jacability in JHC testing results s aiso due o 3 lack
of agrecinent on the scoring system o be used, which
results in 8 high degree of interpbserver vartabiltly du the
interpretation of staining (773, a topic that bas been the
focus of a recent consensus conference (130). Because
the qualiiative assesspent of twreor statuing obinined by
T leads o subjectivity in staloing inferpreiation and
contributes o interobserver vacizbility, recent aftempts
have been made to guaniuate the amount of Her-2inen
protein visualized by THC, Thic issue was addressed in &
recent study that usad the relative absorpiion of cells
with deficed levels of expression on densitometric scan-
pig as calibration material with which to compare the
absorpiion of tumeor cells produced by a cemputarized
ireage of the THC tissue assay. This comparison resulted
in a quantitative determinstion of the sxmount of oaen-
protetn prodoct present in the

Hssue spechnen (1123

Federally Approved Her-2/nen Testing Kits

Four ¢

using two different methods have reoeivad
approval from the Food and Drug Adminisiration (FDA}
for use in Her-2/men testing: the HercepTest (DAKO,
Carpinteria, CA), an [HC based asgay vsing a goat poly-
clonal antibody approved in 1998 for use in determining
which patients should be wreated vwith Hercepting the
INFORM Her-2meu st (Ouoot/Yenians, Tucson, AL
3 FI1St-vazed assay for use along with other prognostic
vartables in patients with primary breast cancer with
negative iymph nodes; the Path Vysion Her-2 DINA
Probe ¥it (Vyais, Downers Grove, L), acother FISH-
based assay approved in 1998 for vae in determining the
rosponse of paticnts with stage 2, node-positive breast
cancer to therapy withh CAF {90); and the CB {1 IHC test
{Ventana, Tucsen, AX), approved in 2000, wh
the mopoclonal anibody CBI1 in determmining which
patients should be treated with Heroeptin

Although the DAKC HercepTast bizs been approved
by the FDA for deterroining Her-Zisien statas for the
purpose of identifying patiends who would benefit from
Herceptin therapy, the actual correlation of He
statzs based on

S

Zinen
resulta to clinical re-

spense from Herceptin therapy bas not been established
(463, Al of the patients erwoiled in the clinjcal trials that
astablished the efficacy of Hercoptin a5 a single or com-
bined therapeutic agent in paticnts with stage 4 discass
were tested with an investigational tnimunoinstochsm-
cal assay called the chnical tnial ay {CTA), which
uwsed the 405 apd CB11 monocional antbodies. Eamy
into these tzizls {and therefore oligihility for Herceptin
treattnent) regqeited 2 postiive Her-Z2iuew test result as
determined by the CTA (Z+ or 3+ score}). The DAKD
HercepTast was developed to provide an alternative 1o
this research assay.

The performance of the HercepTesi w aluated 1o
an indepesdent study comparing the results of the Her-
cepPest o the CTA on 548 breast tumor speaimens that
were independent of the Herceptin wials, The overald
concordance of the DAKO HercepTest 1o the CTA was
TO% (32,86, A 3+ reading on the HerepTast was fouad
to correlate Bighly with a positive test xesult on the CTA
(24 or 3+) {3Z.86), Howsever, a fisding of 2+ on the
HercepTest did not comelats as well with the CTA 1e-
sults. Approximately 42% of the positive I+ HercepTest
results comesponded 1o a negaiive {8 or B-4+) test resuli by
the UTA (32). Thas, 42% of patients whose breast tu-
mors were found to be 2+ by the HercepTest waonld not
have been eligible to participate tn the Herceptin chnical
frials and receive Herceptin treatment (32,62). Mereover,
because subgroup analyses of the resnlis frope these stud-
ies suggesied that patiends whose tissues were strongly
positive for Her-G/nen protein expression benefited more
from Herceptin {herapy than those whose tissues were
weakly postive, and because none of the patients in the
Hercepiin wisle wore selected using the HercspTest, the
comelztion between the degree of positivity on the Her-
cepTest and the likelihood of clinizal beneftt from Her-
ceptin treatment has not been rigorousty establiched (32,
46.62). Other studie 50 h sed the appar-
entiy low specificity of the HercepTest (12,69,118),
which some have atiributed o the use of the FDA-
appreved scoring systera (69) that does aot control for
the intensity of background staindng present in sormal
breast eplihelurg when evaluating the intensity of
ing presewt in the invasive tarnor (69). Other stadies have
also noted the apparently high sensitivity of the BAXO
HercepTest in astaining formalin-fixed paraific-
embedded Gegne, which iz m ested by the nex
araount of weakly statning (24} tumor celis characis
by this test {84).

TR

Her-2/men FISH

The FISH technique representa the newest methodo-
logic approach for the evaluation of gene amplification
{76,98,104,105,109). This technigue, as well as the wmore
recently developed chromogenic in sitn hybudization
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{CISH} (140), allows simultaneous assessment of mor-
phology and gene amphfication. Her-Zlkien statis can
thus be determined specifically o the invasive tumor
The techuigue does oot suffer from the dilutional artd-
facts that affect the other methods for dotec gens
amplification (120}, This approach is morc sensifive than
the solid matrix blotting procedures used o determine
DINA ampiification (120} and hd& been shown 10 have 3
sensttivity of 98% and a speaificity of 103% (109).
Moreover, the Vysis FISH test allows for !ha distincnon
bhetween inoressed copy ounmber of Her-2/men due
gene amplification versus chremosomal duplication (835}
This method has besn found 1o be inghly reproducible
and reiiable (B5). Sumilar to (B, FISH testing can also
he automated for use o chuical laboratories {72), al-
though, sccording to vee siudy {68}, the inr‘reased 08t
4 increased intensity of technical and professional i
vxe,-:aiad for the performance and interpretation of the tes:
can make it daiﬂcuh o jastify iis rovtine use in low-
voluree seltings.

Comparison of FISH and IHC
Results obtained from FISH analysis have been highly
copoordant with those obizined by THC, particniarly in
the 3+ category, aithcugh the concordance o the 2+
cntegery bas been less than asceptabie (68,75,76,81.33,
246,116). Among the IHC assays, CB11 appears o ¢
relate most specifically with FISH resulss (1263 Some
stucies have found that a snuall percentage of specimens
overexpreas Her-2énex by [HC in the absence of gens
amplification as assayed by PISH (75,111,133}, aithouph
others have shown this ot (o be the case (1433, A reo
study has shows FISH analysis to be a beter nu,;hud
than {1 in predicting oversil survival and, significantly,
found that the outcoras of patients with Her-2/nen pro-
tein Gverexprossion without gene areplification is simlar
to that of patiests without protein overexpress
Bacanse Her-Zineu gene amplification by FISH uppears
o be a beiter predicior of response to Herceptin-based
i:he:'apv than Her-2fnen overenprossion by HC (86}, and
onsidering the much higher cost of Herceptin therapy
&f:ﬁ the associated morbidily coropared with FISH ¢
ing iself, FISH ausbysis shouid be pecfoneed at least in
the HED 2+ group for beger selection of patents who
would maogt hkely beeofit frore Herceptin treatment. At
Meroriat Nloan- Kettering Caocer Center, Her-2 status 19
taken into accoant when aelecting patients for Herceptin
based or anthracyeline therapy, and patients with inva-
sive carcinoma showing cither 3+ staining by Hercep-
Test or gene amplification by FISH when H{C @ 2+,
or § are considered candidates for the & H

ion {473

Gve trealipent.

COMNCLUSTON
Given the central jwportacse of Her-2fnew status in
determining [rognosis, wsponse 1o convenlional chemo-

5

Diagn Mol Pathel, Vol 10, No. &, 10,

therapy, and response to targeted mouosclona
L‘rempy, t}\ overall lack of technioal standardization and
curtenly avail ing rosth-
an area of legitimats concem for patholo-
5 arwd cim;uam atike, as well as an area of intense
atory lnvestigation.
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ErbB-2 is a common auxiliary subunit of NDF and
EGF receptors: implications for breast cancer
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Overexpression of the er8B-2 geme contribuies (o
aggressive behavior of varions human adenocarcino-
mas, including breast cancer, through an unknown
molecular mechanism, The erbB-2-encoded protein is
a member of the ErbB family of growth factor recep-
tors, but no direct ligand of ErbB-2 has been reported.
We show that in various cells ErbB-2 can form hetero-
dimers with both EGF receptor (ErbB-1) and NDF
receptors (ErbB-3 and ErbB-4), suggesting that it may
affect the action of heterologous ligands without the
invoivement of a direct ErbB-2 ligand. This possibility
was addressed in breast cancer cells throwsgh ecither
overexpression of ErbB-2 or by blocking its delivery to
the cell surface by means of an endoplasmic reticulum-
trapped antibody. We report that ErbB-2 overexpres~
sion emhanced binding affinitics to both EGF and
NDF, through deceleration of ligand dissociation rates.
Likewise, removal of ErbB-2 from ifbe cell surface
almost compietely abolished ligand binding by
accelerating dissociation of both growth factors. The
kinetic effects resulied in enhancement and prolonga-
tion of the stimulation of two major cytoplasmic signal-
ing pathways, namely: MAP kinase (ERK) and ¢-Jun
kinase (SAPK), by either ligand. Our resulis lmply
that ErbB-2 is a pan-ErbB subunit of the high affinity
heterodimeric receptors for NDF and EGFE. Therefore,
the oncogenic action of ErbB.2 in human cancers may
be due to its ability to potentiate in frans growth factor
signaling.

Keywords: growth factors/oncogene/receptor dimerization/
signal transduction/tyrosine kinase

introduction

Many growth and differentiation signals are transmitted
into the cell’s interior by means of receptors whose
cytoplasmic domains share an intrinsic tyrosine Kinase
catalytic activity (Fanil er af., 1993). On the basis of
structural determinants it is possible to classity the known

254

receptors into subgroups that contain two (¢ nine highly
related receptors. This multiplicity does not exist in insect
cells, suggesting that it bas been evolved in oxder to
accornrnodaie  increasing  physiological  requirements.
While the mechanism of signal ransduction by a single
receptor s relatively well characterized and involves
sequential steps of receptor activation and association
with cytoplasmic effector proteins, the mechanisms that
propagate signals from one receptor to other signaling
systems rernain poorly vuderstood. Gne example is the
ErbB subfamily of receptor tyrosine Kimases. All of the
four members of the group share a similar priveary structure
bat they differ remarkably in their ligand specificity and
kinase function (Peles and Yarden, 1993; Carraway and
Cantley, 1994): ErbB-1 binds to several distinet ligands
whosge prototype is the epidermal growth factor (BGE),
while both ErbR-3 and ErbB-4 bind all of the isoforms
of a related factor called Neu differentiation factor (NDE
or heregulin). ErbB-2 binds no known ligand (Bougall
er al., 1994), but unlike FrbB-1 whose kinuse activity is
strictly Hgand dependent, and ErbB-3, which is characler-
ized by very low kinase activity (Kraus et al., 1993; Guy
et al., 1994, Prigent and Gullick, 1994), the catalytc
action of ErbR-2 is relatively bigh, even in the absence
of a ligand (Lonardo et al., 1990).

Although several EbB lLgands and receptors were
imiplicated in cancer, most of the interest has been focused
on ErbB-2 (Hynes and Stern, 1994}, Whereas the rodent
homalog of the gepe can undergo oncogenic activation,
as a result of a point mutation (Bargmann er af., 1986),
the ummnutsted buman gene is frequently amplified or
otherwise overexpreased in several types of human adeno-
carcinomas, including breast tumors (Siamon ef al., 1987;
Varley er ai, 1987} Importantly, retrospective analyses
of several types of human turmor correlated erb8-2 over-
exprossion with poor prognosis of breast, ovarian and
lung cancer {Slamon er al., 1989; Kern er gl., 1990). The
gene is awplified in mammary carcinomas of all stages
but not in benign breast tumors, and overexpression 1§
maintained in the metastatic lestons (Igethart ef al., 1990},
The mechanism by which an overexpressed BrbB-2 con-
tributes to the development of a more aggressive phenotype
of cancer cells is currently unknown. The answer to this
question may be related to another open issue, namely
whether or not ErbB-2 has a ligand of its own. Several”
putative ligands that presumably interact directly with
ErbB-2 were purtfied from breast cancer cells (Lupu of al.,
1892), bovine kidney (Huang and Huang, 1992}, activated
macrophages (Tarakbovsky et af, 1991) and human T
cells (Dobashi ef al., 1981). However, in no case was it
proven by molecuiar cloning that the activity corresponds
to a direct ErbB-2 ligand.

Even without a ligand of its own, ErbB-2 can undergo
activation by heterologous ligands, EGE has been shown

© Oxford University Press
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(o elevate tyrosine phosphorylation of EbB-2 in livieg
cells through the formation of heterodimers between
HrbB-1 (EGF recepior) and ErbB-2 {Goldman et al., 1990;
Wada er af, 1990} Moreover, sirouitanaous overgxpression
of the two proteins synergistically affected malignant
ransformation of mucine fibroblasts (Kokat ef af., 1989).
This was accompanied by an tncreased binding affimity
znd mitogenic responsiveness to EGF (Wada er o, 1950}
Likewise, NDF elevales tyrosine phosphorylation of
HrbB-2 through binding to is own receptors (Peles er al.,
1993, Plowman e¢f al, 1993, Camaway er al, 1994,
Shwkowski et al., 19894, Tzahar ef @l., 1994}, and hetero-
dimerization of ErbB-3 with Erb8-3 has been mmplicated
in the elevation of binding affinity o NIDF (SHwkowskd
et af, 1994, On the other band, BErbB-1-ErbB-3 helero-
dimers presumably enable EGE to recroit phoesphatidyl-
inosite! 3'-kinase through EdbRB-3 (Solwoff er al, 1994). It
thus appears that BrbB-2 may participate in combinatorial
receptor-recepior interactions, and thereby i may play an
important rofe in signal transduction by both NDF and
BEGF, even without the invelvement of an endogenous
{igand. This possibility bas been recently supported by
the observation that blocking ErbB-2 expression at the
cell surface tmpaired varicus aspecis of cytoplasimic sig-
naling by both NDF and BEGF (Graus-Porta ef gf., 1995,
T further exarpine the role of BrbB-2 in sigeal trancduc-
gon and oncogenesis by these two families of growth
factors, we analyzed kinetic and signaling effccts of either
overexpression or conmplete removal of the protein from
the surface of mansraary wmor cells. Our resulis imply
that ErbB-2 is an essential component of the high affinity
veceptors of NDF and EGE, and thereby it significantly
affects signaling by the two growth factors.

33

Results

ErbB-2 heterodimerizes with Erb8-1, ErbB-3 and
Erb8-4

To examine ihe effect of EbB-Z on binding and
respogsiveness of marmmary wmor cells 1o heterclogous
ErbB ligands, we used two human breast cancer cell lines,
MCE-7 and T47D. Two derivatives of these cell lines
were employed as model cellular systems. In the first one,
the endogenous low Jevel of ¢rdB-2 cxpression to MCE7
cells was clevated through gene transfer, resulting in
MOFE-7/EDB-2 cells (Peles er al, 1993). The second
celnlar system cormprised two derivatives of the T47D
cell ling, that originally has moderate #rb&-2 cxpression:
T47D-purs; a control infected cell line, and T47D-5R
cells that display no ErbB-2 at the celi surface as a result
of ectople expression, in the endeplasmie reticuium, of an
engineered single chain monoclonal antibody to ErbB-2
(Beedi ef al,, 1994). Inrounoprecipitation of biosynthetic-
ally-labelod ErbB-2 from extracts of MUF-7/ErbB-2 cells
showed that expression of the protein was elevated by &-
10-fold relative to the parental cell line (Figure 1A}
Conversely, the level of ErbB-Z cxpression is the same in
both derivatives of the T47D cell line. However, the
corresponding protein band in the 3R cells displayed
faster electrophoretic mugration (Figure 1A) because of
s retention in the endoplasmic reticulum (Graus-Porta
er gl 1995). In order to determine if the changes in
HrbB-2 expression were accompanied by alterations in the
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Receptor transactivation by ErbB-2

A &
&
& &
&£
y e
180
B
CELL LINE: MCF-7 MCF-7/ErbB-2
P Ab to:
CELL LINE: T47D-PURO  T47D-5R
1P Ab to:

Fig. 1. Immupoprecipitation of biosynthetically-labeled ErbB proteins
from MOCE-7 and T4712 calls. (A) The indicated celi b
incubated for 16 b in P98 methioni

e-containing medivm and their
ErbBR-2 protetas were subiscted (o immunoprecipitation by using rabbit
antibodies 1o the carboxy-terminal peptide of BrbB-7, Note
overexpression of ErbB-2 in MCF-T/ErbB-2 celis and the incrsased
electropheretic mohility of the endoplasmic reticulum-trappad ErbB-2
in TA7D-5F cells (arrowhead). () lmraunopsecipitates of the
indicated ErbB-1, ErbB-3 and ErbB-4 proleins were prepared from the
ingicated s of biosynthetically-labeled calls by using monocionsl
antibodies o ExbB-1 {(Kawamoto = af., 1983), ExbB-2 (Suancovaki

et al., 1991} or ErbB-4, or polyclonal rabbit sntibodies to a

recomty ectodomain of ExbB-3. This was followed by
electrophoresi adiography as desciibed above, Bgual

and aub

arapunts of
each lane. The
by gal electrophore

hle radicactivity in
usively washed tmmunoprec
s and avtoradiography.

lysates were taken for
pitates were reseived

expression of other ErbB proteins, we performed additional
yormunoprecipitation analyses with aniibodies to HrbB-1,
ErbB-3 and ErbR-4. These experiments indicated that both
MCF-7 cells and T47D cells express the three other
members of the BrbB faraily, but thew expression levels
displayed no significant change in the derivative cell Haoes
(Figure 1B} This ceosclusion was supported alse by
determination of cell surface expression of the three ErbB
proteins by uasing specific monocional antibodies and a
radiniabeled secondary antibody (date not shown}. In both
parental cell lines, ErbB-4 was the least abundant member
and EfbB-3 displayed relatively high levels of expression.

Consistent with the presence of all ErbB proteins,
radiclabeled NDF and EGF underwent covalent crosshink-
ing to monomers and dimers of their receptors in the
parental cell lines and in thelr derivatives (Figure 2.
Significantly, immunopeecipitation of ErbB-2 from lysates
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d HBR-2 (A} or TATD-

s and their SR dertvatives (B) were incubated with the

3 radiniabeled ligands and then subjected to covalent
crossiinking analyst fescribed i Materials and rasthods.
Cell Jysates were prep ibodies o the indicated FrbR

or contrad antibndies {(iabeled ) were used in

precipitation. Autoradiograms of the gel-resolved
tranpnoprecipitates are shown.

of the four cell lines with a specific antiseruro led o
coprecipitation of monomeric and dimeric forms of
affinity-iabeled NDF and BEGF receptors. This observation
implied that in both MCE-7 aad T47D cells, ErbB-2
physically interacts with the three other ErbB proteins.
However, although ErbRB-2 does not bind to any of the
two ligands (Peles e al., 1993), its presence enbanced
affinity labeling of the other BebB proteins, For exarnple,
overexpression of EroB-2 in MCEF-7 cells resulted in an
increased covalent crosslinking of NDF to its receptors,
namely ErbB-3 and EibB-4 (Figure 24). Similarly, the
absence of ErbR-2 at the surface of TATD-5R cells caused
reduced labeling of the two NDF recepiors (Figure 28).
The effect of ErbB-2 on affinity labcling of the EGF
receptor was similar bat less prominent {compare for
example the signals ohserved with T47D-puro cells o
those of T47D-5R cells in the lower pancl of Figure 2B),
in contrast to th E

observed only faint NDIF sigosls in irorounoprecipitates
of ErbB-1I/EGF receptor {compare for example the first
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A
CELL LINE:  CB1 B3 cB4
2 IGAND: EGF NDE NDF
IP Ab to: ;
8 CELL LINE: TATO-PURD
LIGAND:
=390
P Abtar  P-TYR PTYR
1B AGto:.  ErbB-2 ErbR-3

& and ransphosphorylation. (&) CHO
lines that overexpress eirher BGF eptor/ErbR-1 (CBi
crbB-3 (B3 cells) or EcbB-4 (CB4 oe were subjected to
5 described in i
unoprecipl
o, we direcdy subjs
ziabeled NONE)Y or used a
fibroblast growth facior recepior {lanes
2. Irnmunoprecipitates were washed extensively and
phoresis (6.5% acrylamide), which was
iography. (B) Monolayers of T47D-puro «
wreated for 10 min at 37°C with NDRF o
tett unireated (N The were ir
£BS and solubilized in ticn buffer that contained phosphatas
inhibitors. Phosphotyro: ning profeins were immuno-
prac (IR} by using Sepharose-protein A-imoobilize
0 pho tyrosine and the compl

After &l ransier 1o nitrece
iwrmunoblotted 1B) with rabhit antib
carboky-lerminal peptide of either Erb

crved to 4°C, wa

that are directed (¢ the
2 or HrbhiE-3,

two lanes in the upper panels of Figure 2A and B
Likewise, '™ IJEGFE signals were hardly precipitabie by
BrbB-3- and ErbB-4-specific antibodies, suggesting that
ErbB-Z-containing heterodimers are preferred over hetero-
dimeric complexes of EcbB-1 with ErbB-3, aod probahly
also with the least abundant receptor, ErbB-4.

In order o further analyze the interactions of NIFF and
EGF receptors with ErbB-2, and also compare the relative
stabilily of the various ErbB-2-containing heterodimers,
we cstablished another model cellolar system, namely
ransfected Chinese hamster ovary (CHO) cells. These
cells cxpress a moderate amount of endogenous HrbB-2,
but ne other member of the family. Therefore, introduction
of the three other ErbB proteins, by means of transfection
of the corresponding expression veciors, should enable
exarmination of individual heterodiraers. Fo this end we
established three stable CHO cell lines that express either
ErbB-1 {denoted CBI), ErbB-3 (B3 cell line) nr ErbB-4
(0B84 cell line). Desplic overexpression, we werce unabie
to detect Higand-induced ErbB-2 heterodimers in these cel
iines, by blotiing gel-separated Irsrauncprecipitates with
antibodies to ExbB-2 or to the transfected recepior. How-




1868 of 14295

NDF

A g
by £
o
ey EY
i 4.0 \ §
U : " >
MCF-7 o E i‘ @ a R Y
= 33 FREE (nM)
B 200t
& ek
N
0 400
W
w
£
T47D 3
F
<3
B
B

106
SLNDF BOUND (pM)

Pig. 4. Dowm
of the indicateitwell lines we :
and D, oF with radiotabaled BGF (Sngfml) in the presence of
Hmes with ice-cold binding buffer, tysed in 0.5 ml of 0.1 NaOH con
presented as Se

ndicate resulis ob
7 deviation { }

ined with the
T wiplicate detern

ever, the more sensitive assay that uses co-immuno-
precipitation of affinity-fabeled NDF or EGE receptors
together with the endogenous ErbB-2 protein of CHO
cells, provided direct support for the conclusion that
FrbB-2 can form heterodimers with ErbB-1, ErbB-3 and
frbR-4. Thus, by using CB1 cells, we detected the affinity-
iabeled EGF receptor in ErbB-2 immunoprecipitates
(Figure 3A). In contrast to this rclatively weak interaction,
affinity labeling of the two NDF receptors in CB3 and
CHR4 cells revealed extensive interactions of these receptors
with ErbB-2. Similar to the breast cancer cells (Figure 2},
anti-ExbR-2 antibodies precipitated from CB3 and (B4
cell extracts, primarily a divseric form of NDF receptors,
most Hkely a heterodimer that contains ErbB-2 (Figure
3A), The reason why a larger amount of the presumed
heterodimer is precipitated by antibodies to FrbB-2, as
compared with ani-ErbB-3 and anti-ErbB-4 precipitates,
may be velated to beiter accessibility of ErbB-2 epitopes
in the heterodimer. The interaction between ExbB-4 and
FriB-2 is especially truportant, because we could not
rigorously establish it in MCF-7 and in T47D cells due
to the very low expression level of ErbB-4 in these cels.
in conclusion, ErbB-2 interacts with the three other
memntbers of the family in a manner that is independent of
the specific cellular envirowment. In addition, ErbB-2
heterodimers that contain NDF receptors are apparently
more stable than ErbB-1-ErbB-2 beterodimers.

Ancther aspect of heterodirner fomnation between

of ExbB-Z-dependent changes in the cell suslie hinding o MDF and
.

ining (.1% SDS and the rad
ard plots, saturation curves {insets) or displacement curvas (B). Open circles refer 1o the contral parental

sns, afier substrastion of nor-spectfic ligand binding. The
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ys were performed &t least twice.

ErbB-2 and either NDF or EGF receptors is the ability of
these receptors to increase tyrosine phosphorylation of
ErbB-2, posaibly via an in frans reechaaism. We choss to
exarnine this aspect in T47D-puroc cells, becasse they
express relatively high fevels of all four members of the
IrbB family, unlike MOF-7 cells in which EfbB-1
expressed at very low levels (Figure IB). The results
shown in Figore 3B indicate that in T47D cells, BxbB-2
underwent increased tyrosine phosphorylation after bind-
ing of either EGF or NDF It is iraportant to notc that the
latter Hgand induced a stronger signal, in accordance with
the superior ability of NDF receptors o beterodimerize
with EebB-2 (Figure 34A). Consistent with previous reports
that documented interactions between BGF recepior and
ErbB-3 {(Solioff er al., 1994}, we found that EGF, as well
as NDF, increased phosphorylation of ErbB-3 in T47D
cells (Figure 3B). Because ErbB-3 has very low, if any,
tyrosine kinase activity (Prigent aud Gullick, 1994), the
observed phosphorylation should be mediated in trass, by
either ErbB-2 or EsbB-1.

Binding of NDF and EGF to breast cancer cells
depends on the presence of Erb8-2 st the cel
surface and is snhanced by ErbB8-2 overexpression
We next analyzed direct binding of radiclabeled NDF and
EGF to the T47D-58 and MCF-7/ErbB-2 coll lines (Figure
4), Scatchard analyses of the binding data revealed that
in the absence of BrbB-2 at the cell swface, binding of

257




1869 of 14295

D.Karunagaran et al.

OnCusp
Ex. 1002

Table ¥, Sur

ing parametess of ert8-2-caprossing cells

NP BOR
Ky (ahD R (57 B EGR Ky (M) g (7 XA
High Low High Low
1.04 3.8 [C)] 6.7
G402 4.6 {B.8) 39
] Q05 12 3.01 308 2.8
TA7D-3R 3.2 8.5 Mons &4 5.1

Listed are the paraweters oblained frow the data presented in Pigure 4 (K equilibyium] and Figurs 5 (&,
erment carves (Figurs 4B). Ligand dissociation constanis were devived from ihe initial (fast) components of the corresponding dissociation
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on conflusnt monoiayers of MCE-7 cells and T47D s, that were preincubated at 4°C with the corresponding ligand at saturating concentrations.
After removal of unbournd ligand, the cells wers Incubated with the unlabeled ligand and radio: ily that was refeased from cells. as well as the

residial cell-bound Hgand, was deternained as 2 function of the fime of incubarion at 4°C. The results were expressed in terms of the ratio between
the amount of ligand that remuined bound at time 7 (¥} and ihe initially bound radioactivity (8.}, Nenspacifically bound and releasad radicactivity

was subiracted. Open circles 1g
cxperiments were repeated {(wice,

both ligands was dramatically reduced. The curvilivear
Scatehard curve of NDEF binding o the parental T47D-
puro cells indicated the existence of two populations of
NDF binding sites: a major population of low affiniy
recepiors (~87% of the total number of sites), and a raloor
high affinity class of ligand binding sites, whose affinity
was higher by 24-fold (Figore 4) Both sites abmost
completely disappeared in T47D-5K cells, and thewr affini-
tres were remarkably reduced (Table I, Likewise, in the
absence of cell surface ErbB-2, all of the high affinity
binding sites of BEGF disappeared and the affinity of the
major population of sites was reduced (Figure 41 and
Table ). However, in contrast to the case of NI recepiors,
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tes the parental cell fines and closed circles refer to the derivative lines MCF-7/ErbB-2 and T47Dx-5R. The

the aumber of the low affinity BGF hinding sites remainect
unchanged.

Consistent with the sruns-regulatory effect of ErbB-2
i1 T475 cells, BErbB-2 overexpression in MOF-7 cells was
sociated with increased binding affinitics to both NDF
(Figure 4A) and EGEF (Figure 48}, in agreement with
previons observations that were made in rodent and insect
cefls (Wada ef ol 1990; Shwkowski ef al., 1994). Due
to the relatively low number of EGF receptors in MCF-7
cells, we were oprable to perforrg Scatchard  analyeis.
However, ligand displaecement analysis indicated an 13-
fold increase 1n BGF binding affinity (Figure 4B) as a
resuli of the ~8-fold enhanced exprescion of ErbB-2 in
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MCF-7/81bB-2 cells. Althcugh the effect on MDY binding
to MOP-7 cells was lower than that observed in T47D
cells, in both cases EebB-2 affected mostly the high
affinity population of binding sites (Figure 4A), which
has previcusly been ativibuted fo receptor dimers and
heterodimers {Wada ¢f al., 1990; Ben-Levy ef ol , 1992},

ErtsB-2 decelerates dissociation rates of its
heterologous ligands

Because ligand binding is determined by both the rate of
association with the receptor and by the rate of dissociation
of the Hgand-recepior complex, we examined the question
concerning which of these processes is affected by ErbB-2.
While analyses of the association rates of NDYF and BEGF
revealed relatively small cffects upon changes in ErbB-2
axpression {data not shown), determination of the rates
of dissociation of both Hgawmls indicated that ErbB-2
significanily reduced the release of each ligand fron its
own raceptor {(Figure 33, The rates of dissociation of NDF
and BEGF from the parental MCFE.7 cells were rapid and
displayed biphasic Kinetics {Figure 5A and B). Conversely,
in the presence of an overexpressed BrbB-2 the rate of
release of either ligand was slower, and in the case of
MO it displayed lnear Kinetics (Figure 5A and Table O,
Siroilarly, blocking ErbB-2 delivery to the surface of
TATEr cells accelerated NDF dissociation and replaced the
fineur kinetics of release with a biphasic behavior (Figare

reles) were serumestarved fin
ivity. (& and B) Celis were srimumied for the indic;,, i

s, md quantltdurm ot MBD pbuaplmlyian'\n by iraag
intervals. A cellular fraction
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=i} lysates were prepared and ihei
1591). Briefly. cell tysates were electrop
denaturation and renatara 3
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- S
5% of both BRK isotorms was isalated by
i by using MBF an stese. (B9 Cells were
MAP kinase activity was determined in MBP-
aresed on an SDS-polyacrylamide gei that was
n, the gel was incubated for | h in phosph 0 Bufler

5C and Table I). It is important to note that the effect of
FrbB-2 on the release of NDF from both MCF-7 and
T47D cells was significantly more extensive than that
observed with BGF (Figure 3D), consistent with ouve
conclusion that the interacticn of EdbB-2 with NDF
receptor(s) is stronger than with the BGF receptor.

FrH@-2 potentiates and profongs NDF- and EGF-
induced activation of M4P kinase and c-Jun kinase
To examine the intracelhdar effect of the ErbB-2-rmediated
engthening of the half lives of ligand—eceptor compiexes,
we concentrated on the activation of twoe protein kinase
cascades that funoel many exiracellular signals to the
mmclieus {(Marshall, 1994, Seger and Krebs, 1993} c-Jun
kinase (JNK, also known as stress-activated protein Kinase,
SAPK) (Derijard er af, 1994 Kyriakis et af, 1994),
and xitogen-activated protein kinase (MAFP Kinase/ERK).
Import;mily, the latter medistes the oncng,mic action of
Brb8-2 (Ben-Lgny o7 ul, 1994}, and is included luw group
wf uther s;;,rnhtip molevules {o.g. She and p7UGHESSRY,
whose activation 1 T47TD cells is poientiated by ErbB-2
{Graus-Poria ef af., 1993). We first concentrated on T47D
cells and their SR derivatives, in which ErbB-2 has been
shown ¢ enhance activation of the ERK2 isoform of
MAP kinase (Graus-Porta er al,, 1995). Determination of
kinase activity in immunoprecipitates of the ERK1 lso-
form, that were prepared from NDF- (Figure 64A) or BGE-
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treated cells (Figure 8B), revealed that the absence of
ExbB-2 at the cell surface cansed significant reduction in
the extent and duration of kinase activation by either
growth factor. The effect of ErbB-2 on the NDF-lnduced
mgn:ﬂ was larger than on the EGF-induced activation,
in accordance with the results of ligand binding ‘md
dissociation analyses. We therefore concentrated on the
effect of NDF and attempted to confirim it by using two
alternative MAP kinase assays, that do not require the use
of MAP kinase-specific antibodies, which may interfere
with kinase activity in virro. The assays involved fractiona-
tion of whole lysates from NDF-treated cells by using
either column chromatography or gel electrophoresis, and
was followed by phosphorylation of myelin basic protain
{MEBP) in virro. Isolation of a fraction that contains >85%
of ERK activity conficned that {4710 cells that express
no EHrbB-2 at the cell surface lost most of the effect of
NDF on MAF kinase activation (Figure 6C). By using the
in-gel assay of MAP kinase, we found that in the absence
of ErbB-2 the concentration-dependency of MAP kinase
activation by NDF was dramatically shifted to the right
(Figure 6D). This means that the presence of ErcbB-2
allowed T47D cells to respond to lower concentrations of
NEF than cells that do not express this co-recepior, which
1s in accordance with observations made by using the two
other assays of MAF kinase.

Comparison of the response of MCPE-7 cells with that
of their erbB-2-overexpressing derivatives, by using the in-
gel assay of MAP kinase, indicated that ErbB-2 potentiated
MAP kinase activation by euwther NDF (Figure 7A) or
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EGF (Figure 7B) and also prolonged the ligand-induced
active state of the enzyme. Qualiatively similar resuits
were obtained when we used the two other methods of
MAP kinase assays {data not shown).

in order to examine JINK activation we prepared whoie
cell extracts frorn growth factor-stimulated cells and deter-
mined their ability to phosphorvlate a recombinant c-Jun
protein (Hibi er @l., 1993} The exteni of c-Jun phos-
phorylation in vitro was determined after gel elecwro-
phoresis and antoradiography {(insets in Figure 8) that was
compiemented by densitometry. Analysis of the T47D cell
lines revealed that in the absence of a cell surface-localized
ErbB-2, INK activation by NDF was significantly reduced
at all concentrations of the ligand (Figure 8A). In addition,
in the presence of ErbB-2 at the cell surface, the kinetic
of JNK activation was longer than in iis absence and it
returned to the base line only after 2 h (Figure 8B and
data not shown). Kinetic analyses of the activation of
c-Jun kinase in MCF-7 cells by etther NDF (Figure 8C)
or EGEF (Figure 8D) similarly indicated that ErbB-2
overexpression augmented and extended the stimolatory
action of both Hgands, For example, whereas in the
parental MCF-7 cells maximal JNK activaiion by NDF
was 3-foid and it returned to base line after 1.5 h, in
ErbB-2-overexpressing cells maximal activation reached
8-fold and it returned to the initial level after 3 h. The
response of MOCE-7 cells to EGF was relatively small
(Figure 8D)), probably because these cells express very
low levels of EGE receptor. Nevertheless, overexpression
of ErbB-2 sugmented the INK signals. Taken together,
these results iroply that ErbB-2 presence at the cell surface,
and the extent of its overexpression, significantly affect the
potency and duration of MAP kinase and INK activation by
either NIDIF or EGF, probably becanse ExbB-2 decelerates
the rades of dissociation of the heterologous Hgands..

Discussion

Despite extensive knowledge on the phenomenslogy of
erbB-2 overexpression in human cancer and detailed
strpcture-function analyses of the putative receptor, the
exact molecular mechanism that underlies transformability
by the apparently normal gene product remained obscure
{(Hynes and Stern, 1994). This s due in part to the faijure
of many ateropts to identify a divect ligand of BrhR-2
(Pei and Yarden, 1993}, The resulis of cur present study
¢ that ExbB-2 may be considered an integral subunit
of NDF and EGF receptors, and as such @t may have no
direct ligand. Conseguently, we raise the possibility that
al least part of the transforming ability of an overexpressed
ErbB-2 is due to transactivation of growth factor signaling.

Erb8-2 is a pan-ErbB receptor subunit

The major support to our contention that ErbB-2 showuld
be considered an essential common subhunit of NDOF and
EGE receptors is based on the remarkable reduction in
binding of the two ligands in the absence of FrbB-2 at
the cell surface (Figure 4). The results of affinity fabeling
experimerds are also supportive, but the effect of BrbB-2
expression is less extensive (Figure 2). We attribute this
difference to the observation that ErbB-2 primanly affects
the process of ligand dissociation (Figure $), which is
blocked by the proceduxe of covalent crosslinking. Because
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phorylated recombinant o-Jun. The upper parts of the insets refer o

of MCE-7 calls {open circles

MCP. B2 cells (closed circles) were incubared for the indicated time intervals with 9.5 o of either NDF (C) o BGEF (). ¢-Jun Kinase activity

was quantifated as de
MCF-7/EibB-2 cells, ¥

ach experiment was repeated thrice,

FrbB-2 can {orm heterodimers with the three other ErbB
proteins {Figures 2 and 3), we favor the possibility that it
affects binding of NDF and EGF through heterodimer
“formation with the respective receptors. Conceivably, both
Hygands bind with bigher affioitics to heterodimers that
include ErbB-2 than they bind to the corresponding
fiomodimers, According to this model, in & heterodimeric
configuration BrbB-2 is able to 1ohibit ligand release from
the single binding site of the heterodimer. Previous results
have already indicated that bomeodimeric receptors that
were stabilized by cither a mudation or by a bivalent
reagent, displayed higher ligand binding affinity as com-
pared with their monomeric species, and this was due 10
siower rates of Bgand dissociation (Ben-Levy er al., 1992,
Zhou ef al.,
heterodimer formation between ErbB-2 and either ErbB-1
Wada er af., 1990} or ErbB-3 (Shwkowski #f ., 1994},
by means of overexpression of FrbB-2, has been shown
to augment dinding of BGEF and NDF ruspcctively We
ante that relatively moderate overexpression of ErbB-2
{<10-fold) is already sufficiont for enhancement of ligand
binding (Figure 4}, In Haoe with ErbB-2 being a shared
subunit of the high affinity NDF and EGE recepiors, we

19435, In addition, the apparent forcing of

ibed abeve. The upper parts of the insets show the phosphorylated ¢-Jun band in MCE-7 cells and the lower paris refer to

ved in various tumor cells an NDF-induced reduction
in HGF binding affinity (Karunagaran ef af., 1993}, More-
over, overexpression of ErbB-2 in these cells prevented
the frans-iphibitory effeci of NDF as expecied by a
heterodimerization model. ¥t is noteworthy that the func-
tion of ErbB-2 as a component of NDF and BGF receptors,
that acts by siowing Hgand dissociation, is andogous @
aon-hinding components of intedevkin (1L} receptors, For
example, gpi30 is shared by the receptors for IL-6,
leukemia inhibitory factor, oncostatin M, IL-11 and ciliary
neurotrophic facior (Hilton ef gf., 1994, and references
therein). Likewise, signading by -2, B4, 1L.-7 and 11-9
depends on the foooation of heterodimers between specific
B subunits and a cotmon Y subunit {(Kawahara ef al,
1994}, Oue important implication of our resulis is that the
physiciogical receptors fox NDF and EGF are m fact
hieterodimers that contain ErbB-2. This realization may
explain why detergent solubilization of EGY receptors
involves 10-fold reduction 1o bindioy a«ffiwty (Carpenter,
1987), and bow mutants of the EGE receplor that are
defective in kingse activity or tyrosine astophosphoryiation
sites are still able to transmit some biochemical signals
(Selva ef al, 1993, Gotoh et al. 1994). An ineviiablkc

ok
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guestion s how this aspect bas so far escaped defection.
This may be due o the generally broader expression of
ErbB-2, as compared with EibB-1, EbB-3 and EbB-4,
In other words, virtually all of the BEGF or NDF receptor
positive cell lines also sxpress BrbB-2, so that analysis of
Ligand binding o the ndividual ecepiors in thelr natural
cell context 1s practically impossibie.

Eignal ampiification by Erb8-2 may explain its
sacceganic activity

Removal of ErbB-2 from the cell surface has been
previoualy shown to reduce various aspects of the signaling
by NDF and EGF, including tyrosine phosphiorylation of
cytoplasmic substrates, and the activation of MAP kinase
axd cibosomal protein 36 kinase (Gravs-Porta ¢f gi., 19935).
In the present study, we sxiended these obse rvations to
the activation of another protein kinase cascade, namely
INK/SAPK, and concentrated on the effect of a relatively
moderate TxbB-2 overexpression. This level of overexpres-
ston s comparable to, or smaller than, the extent of
overexpression that is freguently observed in breast and
int other huroan adenocarcinomas {Stancovski ef al, 1994),
in analogy to the trans-shwywlatory action of an over-
expressed ErbB-2 that we observed in mammary cells
{Figure 7}, it has been recently shown that overexpression
of either BEGF or insulin receptor can prolong MAP kinase
activation by the respective ligands (Dikic er al, 1994,
Traverse er @f, 1984 Our sawdies with MOFS7 cells
indicate that sven small changes in the level of ErbB-2
expression can profeundly affect signaling by NDF and
EF. One explanation for the enhancement and prolonga-
tion effects on MAP kinase, as well as oo o-Jun Kioase,
is that they are solely due to the ErbB-2-mediated extension
of the hati-lives of Hgand-receptor coraplexes (Figure 5).
However, Because it has been previously shown that
ErbB-Z cfficiently siimulates the MAP kinase pathway
(Ben-Levy e al, 1894, it is lkely that this receptor
functions not only as a common binding component bui
alse as 8 shared signabiog subunit of NDF and BEGF
receptors. For exampie, ErbB-2, by mweans of its own set
of docking sites for Sre homology 2 (SH-2) proteins, may
diversify the nature of the intracellular signals that are
generated by NIDXF and EGE (Cacaway aad Castley,
1994}, Because sustained activation of MAP kinase leads
to either transformation or differentiation (Cowley ef ad.,
19843, our observations may explain, on the one hand,
how ErbB-2 alone (i Fiore er af, 1987, Hudziak e al,
1987}, or in combination with BrbB-1 {Kokai e of., 198 Q)
transforms fibroblasts and, on the other hand, how NDF
affects both mitugenests (Holmes er al,, 1992) and differen-
aation (Feles ef o, 1992) in different mammary tumor
cells. Taken togmher, our rosults Jomply that by ovorexpres-
ston of ErbB-2, tumor cells may gain a selective advantage
because they can now mspo:td with higher potency o
relatively low concentrations of EGE-Hhe growth factors.
In the hight of this finding, vartous biclogical aspects of
erbB-Z-overexpressing tumors, such as high iscidence in
ductal carcinoma in site (Barpes ef af., 1992} and the
response of erbR-Z-avercxpressiog mmors to chemo-
therapy (Gusterson =7 al., 1992; Wright er al., 1992; Muss
ef al., 1994} may be considered as reflections of increased
sensitivity to growih factors, In addition, the proposed
model predicts that co-expression of ErbB-2 with other
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Hrb8 proteins, or with their corresponding ligands, may
bear prognostic or therapeutic significance.

Lastly, lessons learned with the EbB family sy be
relevant 1o other subgroups of growth factor receptors.
Conceivably, the multiphcity of homologous regeg'oz'a
that preserved beterodimerizing capzlbmxy can confer 1o
mammalian cells an additional levei of combinatorial
complexity. Precomably, an mnternal hierarchy exists in
cach receptor family and this, in conjunction with spatial
apd teraporxal control of receplor co-oxpression. may
determine the potency and diversity of infraceilular signala.

Materials and methods

Matorigls sad cell culture
HGE (aman, recombinant; w
and recombinant NDF prepar: from Amgen (FThousand
2 }\acm ctive materials weve oh d from

13 UK). Protein A coupled ¢

Sweden) or prepared in our 1aboraiory,
gef electrophoresis were from Bio-Rad
and BS? were from Pierce. All ather chemicais
ama unless otheswise indicated, P ol
C-termina! portions of ErbR-1, ErbB-2 aad ErbR-3
ino ac.d ong synthetic peptides) were geuerated 3
“crihed :’E’ ot ac’ ‘\)t)i} o were ,m.nhassd lrnm

s feom Rochuinger Manr

m*}him a‘z

monoclo a*\*zbudy to mB -4 wa
rprmunized with ccombinant @ lu}ar P
and it wiil be desciibed clsewhere. As contod
fibroblast growth facior receptor (from Santa €
HRKZ antiseonn was vaised in raboits that weee injeo
peptide {residues 346--358) as described (Mar

with a synih
te ef al., 1995),

Estahlishrnent of ErbB-expressing CHO calf fines

CHO celis were transtacted with expression vectors that direct oxpression
of erbB8-7, crbR-3 and erbR-4 as proviously cribed {Taahar ef @l
19943, pt that the erbB-7 expression vector that we used was
p(,DNA" ’.e rbfi-F (Kamunagaran e ok, 1995 Clones of stably expressing
cells were setected in the sence of 3418 (Giboo) and assayed for
BGEF and NDF binding.

Buffersd sofutions

Binding buifer contained Dulbecco modified Eaple's medium (DMEM)
with .1% bovine serumm albumin (BSA). HMNTG buffer contained 20 mM
HEPES (ptf 7.5), 150 mM MNaCl, §.19% Triton X-100 and 10% ghveerol,
\d"‘umudu\,n buﬁu comained 50 M Tois-HCL pH 7.5, 150 mM
NaCl, 1% NP-40, 0.5% Wa-deoxychalae, 0.19% sadium ¢
(S38), 1.5 = bl Mg L fum o
I mM p ide fPMSF) otinin (G.15 wypsin
inhibitor unit/ml) and 10 pg/mi leupeptin,

Radicisbeling of figands, covaleni crosslinking ang ligand
binding anafyses
Human recombinant BGF and human recombinant NDF-§ 159046 were
lzbeled with Jodogen (Pierce) as follows: 3 up protein in phosphare
wiftoredt saline (PES) was pitved i lodegen-coated (Iug reugeal}
st N2V 21 (1 mCi). Fullowing 10 min at 23 fyrosine wasadded
to a final concentrafion of 0.1 mg/m! thi miaxtere was se ed on
2 cofumn of EBxcellulose GF-5 (Fierce). The specific activity was
determined by counting y-radioactivity before and after separation on
the colurnn. The range of 5 betwees 2 and § 0 100
C.p.ra| Aavrs of call
107 cellsd s with binding
fer and then mv.,ubalsd w:rh 3 n&imi of { i the same buffer
The unlabeled ligand, a1 different concenira ihated
2 three
.5 ml
8 mﬁn at 37°C and the
radioactivity aichard analysis,
e indicated oefl lines were lllLUBAILJ f@r 2 h at 4°C with different
concentrations of either ' Llabeled NIF-81 70046 o7 { PHEGE Noa-
specific binding was determined by the addition of 100-fold excess of

rmes with

of L1 N
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and together with the carrcsp-;mdir « Iabeled digand in
= men Scatchar: d by using the
agiuin LIGANEY (Wlinein zxsd 1\o\imsi Ry
nwnaiag,(:ra S8 aof sl
e £ GFt i

ter 45 min
and anal

gt‘ii\ wr:s&' W:\\h d
vzed by gel slectrophoiesis,

Ly-mfe, pmparafron and :mmunaprempn‘atwﬂ
ig of total cell fysates, xsmpi., buffer was directly added
apolayers. Fos other solubifization buffor was
&(.L.ui 0 the mondsiaysr of cell weie soraped with a rubb
policeman inte 1 ml of the fmitm teapsferred 1o microtubes, vor
harshly, and centtifuged {10 000 g, 13 min a5 490}, Habbdit aniib
wers mup,er‘ dnm tl, w© prolcn A--Sepharose while shaking For 20
U 1.11\1‘311 anti-mouse mimunoz,(rbul'

rmtem A
proctpiiaies w

SEOSE Al d,' [ ulplm t;f I b ut &

then washed three times with HNTO (I mi

Anafysls of igand dissgoiation
The wolis v,m. s ; with 3§ ngiml {"’I}EG CYNDE-
filj77.0qp for 2 1 three times, stm fation was
maonitored by incubating the o with the cotresponding
uniabeled ligs i 5 ¥ at 49,1
specific hinding and : af nuimla?sf:?::d 1{‘3!’)() weve determmined o
s parafiel experiment and subiracted from the ¢ amaount of bound
ligand at
ithm of &/B, versus time, where B is the conee
nd af time 7 and A s the same at the starting time of &

Biosywifetic labeling
Biosynti labeling was performed essentially as
a2t al., snfluent colls i o dis
meifioning iwt‘ PMEM and grown for 16 hoin the same mediem
ented with 2% dialyzed ¢ sertn conaining 30 aCiml of
Jmethionine. The ceils were washed three rimes with FES and then
sovaped inte 1 oml of solubilization buffer. The lysates were spun
for 10 min at 4°C (10 400 g and the rngianis were used for
immunoprecipitaion as described earlier. Equal amounss of michioro-
acetic acid precipitable vadisactivity wers subiected 3 lroms
tion in each lane.

ihaid (Ben-Levy
washed with

B

aprectpita-

ﬂ&‘i‘&f‘lﬁiﬁaﬂgﬁ of MAP Winase activity
grows in DMEM with 10% calf
4.3% call serum jp UMEM, and then & ‘nulalcd with growih

e different assays wers used o determine MAP Kinase

activity with MBP as a

Mini-columns. Ceil iys
owice)} in lysis buf
8y, §omd bmm;...& '-:\,‘{ DTT. i mM aodn.m crthu
M sodium pyrophosphaie, 19 pgfml aprotinin, [0 ug/ml sug
apd 2 ug/mi pepstatin A} and cleared by centwifugation. The lysates
wers L\un.m*d on DEAE cctizioss min amns (0.4 ol eguilibrated
in 50 mM B-glycerophosphate at pi 7.3, 1.5 mM BEGTA, 1 mM EDTA,
1ot DET and 0.1 wibf s wvyanadate) and the MAFP kinase-
coniaining clion (022 ¥ Na assayed for phosphate incorporation
into myelin basic protein ax descnibed (Segev of al, 1994) The
ssasyed fraction comamed both BERKY and ERK2 snd >83% of MAP
kinase activity.

«,uj atc,
iR

eCipEarion asiay. previously described
199%) was used wih 0o mudmvanﬂm.

method (Gy

Kinase assay in MBP-contcining polvacrviamide gels, Ceil lysates
were prepared as described above and abigquois were subiected o
elan t-or;huruu e 3DS-polyaciviamide gels that were polymerized in
25 mg/ml MBP The protocol used for in-gel MAFP
say was essentially as described (Tobe er af., 19915, with some
mod tions, 88 was removed from the got by w
i 100 ml of 20% isopropanct in 50 mM Tit
By three washes in 59 mi sufier A (5 md {‘-merﬁapt(aet
HEPES pH 7.6). Proiwe
gal for 15 min in buffar A ining & M urea. Tmc s,ic WG 18]
angd the pol subjected to renaturation by wmhmz at 4°C in dacrca
concentraiion: of ures (3 3, 1.5 M and .75 M, 15 min each) in buffer
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280, by
= same buffer, but without urea,
The nexi day the gel v
kinase butfer (20 wbd ‘HH’bS gH 7.6
haffer was rephysed with Kinase b

20 g XTF and 100 uCi

f irichlomaacetic
of the solution

acid (¢ 1
The washed gel was dried and then subjected o

became nogligidle,
autoradingraphy.

Deteemination of o-Jun finase ;an:&‘iw‘fy
INK setivity was
described shove

rrained i cell v‘-aias that were ")“f,p"“
v MAR kingse (urotocol 1) Lysates g
mixed with 20 i GSH-agaros ension (:51;,: 3} 10 which &
{10 pig) was bound and 30 d of 10-fold concentrated binding bufler
20 md HEPES pR 77, 20 wM MaCl, | s BOTA, 0.75% Triton
09, 400 mM J-glycerophosphate, I mb sodisi orhovanadaie and
protease inhibiors) was addr‘(i FThe mixeare (G.3 mil) was incubaled at
4°C for 2 b (Hib: er ol The beads we , washed in
HMTG and resuspended i t' kinasz buffer { vi HEPES buffer
at pil 7.6, 20 w0 MpCly, 20 mM 4‘,?(‘1\}:0\{\?“‘;3 and

Wa3 VOyq) comain' 520 uM ATP and 2 gs\\ of fy 2P

was terminated after 20 min a¢ 30°C & adding Lzemmli »
and elecirophoresis on ayismide gols (30
Autoradiograms were scanmad after "L(di‘.lﬁii and gel staiz

3 L.avi for technical assiste ‘This
oy the National Cawn lastisute, The fsraszd
ddm;nislered by The Israc! Academy of Scien
2 and the lsrast - Associztion (fo R85 RS,
i aning umhmi of lht Samuel and Isabelie Priedrman Career Developiment
Cheir and Y.Y. 15 a recipient of a Research Career Development Award
from the Isrsel Cancer Resoar
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We previously showed that tumor-derived heregulin, a ligand for HERS, is
associated with both de novo and acquired resistance to cetuximab. We have now
examinad whether patritumab, a novel neutralizing monocional antibody to HER3, is
able to overcome such resistance. Human colorectal cancer {DiFi) cells that are highly
sensitive to cetuximab were engineered to stably express heregulin by retrovival
infaction, and the effects of cetuximab and patritumab on the resulting DIFI-HRG celis
were examined. DIFi-HRG celis released substantial amounis of heregulin and showed
resistance o cetuximab. Cetuximab alone inhibited EGFR and ERK phosphorylation
in DiIFI-HRG cells, but it had no effect on the phosphoryiation of HER2, HER3, or AKT,
suggesting that sustained AKT activation by HER2 and HER3 underlies cetuximab
resistance in these cells. In contrast, patritumab in combination with cetuximab
markedly inhibited the phosphoryiation of EGFR, HER2, HER3, ERK, and AKT. The
combination therapy also inhibited the growth of DIFI-HREG tumor xenografts in nude
mice to a greater extent than did treatment with either drug alone. Activation of HER 2~
HER3 signaling associated with the operation of a hereguiin aulocrine loop confers
resistance to cetuximab, and patritumab is able to restore cetuximab sensitivity
through inhibition of heregulin-induced HER3 activation.

for acquired resistance to cetuximab in colorectal
cancer bave also been identified [5-7]. We previcusly
established cetoximab-resistant cancer cells by exposing
parenial cells to increasing concentrations of cetuximab
{8]. Analvsis of these cells revealed that cell-derived
heregulin confers cetuximab resistance through bypass
signaling via HER2 (also known as ERBB2) and HER3

Cetiamab, a chimeric human-mouse monoclonal
antibody to the epidermal growth factor receptor
(EGFR), has shown clinical efficacy in individuals with
metastatic colorectal cancer (mCRO). However, a subset

of mCRC patients fads to show an indtial response (de
novo resistance) to this agent, whereas others develop
resistance after an mitial response (acquired resistance).
Well-cstablished causes of de novo resistance o cetiyimab
mclade activating rutations in codon 12 or 13 of KRAS
and in BRAF [1-4] Various mechanisms responsible

(also known as ERBB3). Heregulin is a ligand for HER3
and stabilizes the HER2-HERS3 heterodimer [9]. We also
found that high initial levels of serum heregulin protein
and tumor heregulin mRNA were significantly associated
with a poor clinical outcome in mCRC patients treated
with cetuximab {8]. Furthermore, in patients who initially
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achieved a partial response to cetuximab-based therapy, the
seruim conceniration of heregulin after the development of
chinical cetoximab resistance was sigaificantly higher than
that before treatment {8}, These preclinical and clinical data
mdicate that increased levels of heregulin are associated
with both de novo and acquired resistance to cetuximab.
Patritumab (U3-1287) is a Brst-in-class, fully human
monoclonal antibody directed to the extracellular domain
(ECD) of HERS that is carrently in clinical development,
as are other HER3-targeted antibodies such as MM-121
and LIM716 (MM-121 prevents higand binding, whereas
LIM716 specifically binds to an epitope formed by ECD
domains [ and IV 1o the closed conformation of HER3
{10]). Patritumab has been shown both to mhibit ligand-
induced HER3 phosphorylation and to soppress the growth
of pancreatic, non—small cell fung cancer, and colorectal
cancer xenograft tumors {11, 12] To identify strategics
or agents capable of overconing resistance to cetuximab
induced by heregulin, we have now established sublines of
the cetuximab-sensitive human colorectal cancer cell line
DiFi that stably express heregulin derived from transfected
cDMNA. With the use of these cells, we investigated the
effects of patritumab on cetoximab resistance mediated by
celi~derived heregulin both in vitre and in vivo.

-
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DiFi cells stably overexpressing heregulin show
resistance to cetuximab

The homan colorectal cancer cell Hne DHFi, which
harbors wild-type alleles of KR4S, BRAF, and PI3K| is
highly sensitive to cetuxirnab [13]. To 1nvestigate whether
celi~derived heregulin might induce cetuximab resistance
m [nFi cells, we established DiFi sublines that stably
overexpress this protein (DiFI-HRGH, DiF-HRGS, and
DiF1-HRGO) or that stably harbor the corresponding empty
vector (DiFi- Mock1) as a result of retroviral infoction.
Heregulin is a schuble growth factor that is synthesized as a
transmermbrane precursor molecule of 105 kDa. Cell sutface
proteases catalyze cleavage of the extracelhular domain
of this precursor, which is then rcleased and functions
as a ligand for HER3. bnrmmoblot analysis revealed the
presence of the transinembrane form of heregulin in DiFi-
HRG cells (with 1ts abundance betng greatest in Dif-HRG4
cells), whereas no such band was detected in DiFi-Mock ]
cells or the parental DiFi cells (Fig. 1A). Analysis of
conditioned medinm from these cell lines with an enzyme-
{inked twununosorbent assay (ELISA) also revealed the
presence of substantial amounts of heregulin in the medivm
from all DiF-HRG cell lines but not 1o that from DiFi-
Mecki or the parental cells (Fig. 1B). To assess the effect of
cetuximab on cell growth, we exposed Dif-HRG and Difi-
Mockl cells to vardous concentrations of the drug for 5 davs
and then measured cell viability. Al DiFE-HRG cell lines
showed a reduced sensitivity o cetuximab compared with
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DiFi-Mockl cells, with median mhibitory concentration
(1C, ) values of > 100 ug/mlL for the fonmer celi lines and
~3.1 pg/mL for the latter (Fig. 10). The DiFi-HRG cell hnes
also showed resistance to panitunwmab, another antibody
to EGFR {(data not shown)}. These data thus suggested that
DiFi-HRG cells are resistant to EGFR-targeted antibodies.

Heregulin maintains HER3 and AKT
phosphorviation and survivin expression in the
presence of cetaximab in DiFi-HRG cell Hnes

To investigate possible differences in signal
transduction amosng the DiFi isogenic lies, we
examined the effects of cetuximab (10 pg/mlb) on
EGFR, HER2, HER3, AKT, and exiraceliular signal-
regulated kinase (ERK) phosphorviation (Fig. 2A).
Tramunoblot analysis revealed that cetuximab markedly
inhibited the phosphorviation of all of these proteins
in DiFi-Mockl cells. In contrast, whereas cetuximab
substantially reduced the level of BEGFR and ERK
phosphoryiation in DiF-HRG cells, it bad httle effect on
the phosphorylation of HER2, HER3, or AKT. We next
cxamined the effects of cetuximab on expressien of the
apoptosis-related proteins BIM (a proapoptotic BH3-
only protein} and survivin {a member of the inhibitor of
apoptosis, or TAP, family). We previously showed that
inhibition of the MEK-ERK signaling pathway induces
BIM expression, and that inhibition of the PI3K-AKT
pathway soppresses survivin expression, with both of
these effects being independently required for tyrosine
kinase inhibitor {TKD~induced apoptosis in lung cascer
cells positive for FGFR mutation {141, breast cancer cells
positive for FFR2 amplification [15], and gastyic cancer
these observations, we found that cetinimab nduced both
up-regulation of BIM and down-regulation of survivin
i DiFi-Mockl cells, resoliing in generation of the
cleaved form of poly(ADP-ribose) polymerase (PARP),
a characteristic of apoptosis (Fig. 2B). In contrast, in
DiF1-HB G cell lines, whereas cetuximab induced BIM
expression, # had little effect on the abundance of
survivin or PARP cleavage (Fig. 2B), suggesting that
sustained AKT signaling and survivin expression confer
resistance {o cetuximab in these cell lines.

The HER3 neutralizing antibody patritumab
abrogates cetuximab resistance induced by
heregulin

To mvestigate further the role of HER3 and
hercgulin in the resistance of DiFi1-HRG cell lines to
cetuximab, we exposed DiFi-HRG4 cells to cotuxamab,
the fully human HER3-targeted monoclonal antibody
patritumab, or the combination of both agents. We found
that neither antibody alone substantially affected cell
proliferation, whereas the combination of both agents
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Figure 1: Characterization of DiFi isogenic cell Hnes. (A) DiFi isogenic cell lines (DiFi, DiFi-Mockl, DiFi-HRG4, DIFI-HRGS,
and DiF-HRG6) were culinred overnight in mediom containing 10% serwm and then incubated for 24 b in serom-free mediumg, after
which the cells were lysed aud subjected to immunoblot analysis with antibodies to heregulin and to B-actin (ivading coutrel). (B Culture
supernatants from cells cultured as described in Materials and Methods were assayed for heregulin with an ELISA. Data are means = SE
from three independent expeniments. *P < 0.05 (Student’s ¢ test) for comparison of each DiFi-HRG line with DiFi-Mockl or DiFi cells.
(€} Cells were treated with cetuximab at the judicated concentrations for § days, after which cell viability was assessed. Data are means +

SE from three independent experiments.

induced marked mhibition of cell growth (Fig. 3A).
We next examined the effects of these antibodics on
apoptosis in DiFi-Mockl and DiFi-HRG4 celis. An
annexin V binding assav revealed that cetuximab
alone indoced a substantial level of apoptosis in DiFi-
Mockl cells but not in DiFI-HRG4 cells (Fig. 3B, (),
suggesting that the operation of a heregulin autocring
ioop in these latter cells inhibits cetuximab-induced
apoptosis. However, exposure of DiFt-HRG4 cells to the
combination of patritumab (10 pg/mlL) and cetuximab
(10 pg/ml) resulted wm a marked increase in the
proportion of apoptotic cells (Fig. 3B, C), suggesting that
patritomab sensitizes DiFi-HRG cells o cetuximab such
that the extent of apoptosis induced by both antibodics in
these cells ts sirmlar to that induced by cetuximab alone
in DiFi-Mockld cells.

We also examined the effects of patritumab alone
or in combination with cetuximab on intracelivlar
signaling. frarmunoblot analysis showed that patritumab
alone had little effect on such signaling in DiFi-Mockl

cells. Incontrast, patritomab alone markedly inhibited the
phosphorylation of HER3 and AKT, withont affecting that
of ERE, in Difi-HRG4 cells (Fig. 303, The combination
of patritumab and cetuximab markedly attenuated the
phosphorylation of EGFR, HER2, HER3, AKT, and ERK
in DiFi-HRG4 cells (Fig. 3D). It also induced the cleavage
of PARP in these cells to an extent simnilar to that observed
in DiFi-Mock1 cells treated with cetuximab alone, and this
effect was accompanied by both up-regulation of BIM and
down-regulation of survivin expression (Fig. 3E}. These
resalts thus indicated that cetuximab resistance tndoced by
heregulin is abrogated by patritamab through attonuation
of AKT-suvivin signaling in DiF1-HRG4 cells.

Cell-derived heregulin induces cefuximab
resistance and patritumab restores cetuximab
sensitivity in tumer senografts in vivo

To examine whether cell-derived heregulin wnduces
cetuximab resistance as well as the efficacy of combined
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Figure I Effects of cetuximab on intracellular signaling and the expression of apoptosis-related proteins in DiFi
isogenic cell Hues. DiFi-Mock, DHFL-HRGS, THFEHRGS, or DHFHRGE cells were cullured overnight in medium containing
10% serum and then incubated for 6 h {A) or 24 h {B) in serum-free medivm with or without cetuximab (10 pg/mL), after which cell
lysates were prepared and subjected to immunoblot analvsis with antibodies to phosphorylated (p) or total forms of the indicated
proteins (Jeft pasels). A band correspouding 1o the cleaved (cl) form of PARP is indicated. The intensity of the bands corresponding
10 phosphorviated forms of EGFR, HER2, HER3, AKT, and ERK (A} or to BIM and survivin {B) was nonmalized by that of the
corresponding total proteins or B-actin, respectively, and then expressed relative to the corresponding value for control cells not
cxposed to cetuximab (right panels).

treatment with patritumab and cetuximab in vive, we
injected nude mice with DiFi-Mock ! or DHFI-HRG4 celis

s,
]
sy

o allow the formation of tumor xenografis. Whercas Resistance 1o cotuximab is a major problem in
cetuximab alone markedly mhibited the growth of DiFi- the treatment of colorectal cancer. Although various
Mock1 xenografts (Fig. 4A), DiFi-HRG4 xenografts were mechanisms of cetuximab resistance have been identified
resistant to this drug (Fig. 4B). Patritumab alone had little [1-7, 17-201, the optimal treatment strategies for mCRC
effect on the growth of tumors formed by cither cell hine, patients who show resistance to this drug remain unclear.
However, the combination of cetuximab and patritumab We previously showed that tumor-derived heregulin
induced substantial regression of DiFi-HRG4 xenografis mediates cetuximab resistance in preclinical models
(Fig. 4B). These resuits thus suggested that heregulin [81. High levels of heregulin were also associaled with
produced by colorectal cancer tumors harboring wild-type a poor clinical outcome in mCRC patients treated with
KRAS induces cetuxinab resistance, and that combination celuxirnab-based regimens [8] Morcover, wncreased
therapy with cetuximab and patritummab overcomes such heregulin levels were observed in such patients after the
resistance in vivo. development of climcal resistance to cetuximab-based
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Figure 3: Effect of patrituneab on heregulin-mediated cetuximab resistance in DiFi-HRG cells in viro. (A) DIFHRG4
cells were incubated for 5 days with cetuximab alone, patritumab aloue, or the combination of both drugs at the indicated concentrations,
after which cell viability was assessed. Data are means + SE from three independent experiments, (B, {) DiFi-Mocki or DiF1-HRG4
celis were cultured overnight in raeditm coxtaining 10% seruxa and then xucubated for 48 I in the absence or presence of cetuxirab alone
{10 pg/md), patoiumab alone (30 pg/ml), or the corabination of both drugs o serom-free medinm, after which the number of apopiotic
celis was determined by staining with propidium iedide (Pl and fluorescein isothiocyanate (FITC)-labeled annexin V followed by flow
cvtometry. Representative flow cytometric profiles are shown in (B), and quantitative daia (neans = SE of three independent experiments)
are showr i (), (8, E} IHFI-Mock | or IHFIHRGE cells were onlined overnight in medium containing 0% semm and then incubated
for & b () or 48 h (B} in the absence or presence of cetuxivaab alone (10 pg/ial.), patditumab alone (18 pg/mi), or the combination of both
drugs in ssmm-free medium, after which cell lysates were prepared and subjected to immunoblot analysis with antibodies to the indicated
proteins {left panels). The intensity of the bands corresponding {o phosphorylated forms of EGFR, HER2, HER3, AKT, and ERK (D) orte
BIM and survivin () was normalized by that of the corresponding total proteins ot f-actin, respectively, and then expressed refative to the
corespouding value for control cells not exposed to drug (rght panels).
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Figure 4: Effects of cetuximab, patritimab, asd the combination of both drugs on the growth of BIFL-HRG tameor
xenografts in vive. Nude mice with tumor xenografts established by subcntancous injection of DiFi-Mockt (A) or DiFI-HRG4 (B)
cells were treated for 4 weeks with velncle (control), cetuximab (3.0 mg/body), patritumab (1.0 mg/bady), or both drugs, as described in
Materials and Methods. Tumor volume was determiued at the indicated thwes after the onset of treatment. Data are means + SE from six
mice per group. *P < 0.05 for comparison of the combination of both drugs with cetuximab alone or patritumab alone (Student’s ¢ test).

therapy [8]. Effective treatment options 1o overcome
cetuximab resistance mediated by hercgulin are thus
wrgently required.

We have here established heregulin-overexpressing
sublines of Difi cells (HFI-HRG cells) and shown that
these cells are resistant to cetuximab both in viro and in
vivo, Wherceas the amount of the transmernbrance form of
heregulin was substantially higher in DiFt-HRG4 cells
than in Dif-HRGS or BHFI-HRGo cells (Fig. 1A), these
three cell lines appeared to release similar amounts of
the soluble form of heregulin into the culture mediom
(Fig. 1B). This difference in the relative abundance
of the transmembrane and soluble forms of heregulin
among DiFI-HRG cell lines might reflect a difference
i the activity of cell surface proteases among the cell
lines. Alternatively, the production of the transmembrane
form of heregulin in DiFi-HRG4 cells might exceed the
capacity of such proteases. To investigate the mechanism
responsible for cetoximab resistance in DiFi-HRG cells,

e examined differences in signal transduction between
these cells and DiFi-Mock] cells. In DiFi-Mockl cells,
cetuximab inhibited the phosphorviation of EGFR,
HER2, HER3, AKT, and ERK as well as up-regulated
BIM expression and down-~regulated survivin expression,
resulting in the induction of apoptosis. By contrast, i
DiFi-HRG cell lines, whereas cetuximab inhibited EGFR
and ERK phosphorylation, leading o BIM induction, it
did not affect HER2, HER3, or AKT phosphorylation or
survivin expression. Given that down-regulation both of

AKT signaling and of the expression of #ts downstream
target swrvivin is required for apoptosis induced by
inhibition of receptor tyrosine kinases {1416}, our data
suggest that sustained AKT-survivin signaling in the
presence of cetuximab is respounsible for the resistance of
DiFi-HRG cell lines to this drug. To investigate further
the relation between AKT signaling and the operation of
a heregulin autocrine loop, we examined the effects of
patritumab, a neutralizing monoclonal antibody to HER3,
in DiFi-HRG4 cells. We found that exposure of these cells
to patritomab in combination with cetuximab resulted
m imhibition of EGFR, HER2, HER3, AKT, and ERK
phosphorylation as well as in both up-regolation of BIM
cxpression and down-regulation of snrvivin expression,
leadig to the induction of apoptosis. These results
indicate that AKT signaling is triggered by heregulin
binding o HER3.

Given that HERS (a kinase-~dead recepior) manifests
mnpatred kanase activity 21, it requires dimerization with
other HER family members to activate signaling after
higand binding [22, 231 HERZ2 has been imphicated as a
dimerization pariner of HER3, and heregulin stabilizes the
HER2-HER3 heterodimer [9]. In this context, we e¢xamined
the effects of lapatinib, a TKT for EGFR and HER2, m Difi-
HRG4 cells. Inbibition of EGFR and HER?2 by lapatinid
resulted m down-regulation of HER3, AKT, and ERK
phosphorylation as well as m the ndoction of BIM and
suppression of survivin expression in these cells, thereby
triggering apoptosis (Supplementary Fig. S1A, S1B). These
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findmgs suggest that, 1 DiF-HRG cells, HER3 15 trans-
phosphorviated by HER?2 as a result of heregulin-induced
HER2-HER3 heterodimenzation, which in turn leads to the
activation of AKT signaling {24 (Fig. 5A, 3B, 5C). The
heterodimerization partaer of HER3 is thus likely switched
from EGFR to HER?2 as a result of the overexpression of
heregulin in DHFi-HRG cells. We also found that patritumab
alone ivhibited the phosphorviation of HER3 and AKT
as well as down-regulated survivin expression in DiFi-
HRGH cells but not in DiFi-Mockl cells (Fig. 3D, 3E).
These results suggest that patritumab may prevent hgand-
dependent HER3 phosphorylation by blocking HER2-
HERS heterodimerization, whereas # has hitle effect on
ligand-independent HER3 phosphorylation.

In our DiF-HRG xenograft raodel, we showed
that combination therapy with patritumab and cetuximab
irthibited tumor growth Lo the same extent as did cetuximab
alone in the DiFi-Mockl xenograft model. Antagonism
of the heregulin-HER3 interaction by patritumab thos
represents an effective strategy to abrogate cetuximab
resistanice induced by heregulin derived from tomor
cells. Given that elevated circulating levels of heregulin
are associated with both de nove and acquired cetuximab
resistance in mCRC patients [8], owr model sysiems
based on stable overexpression of heregulin are clinically
relevant and should prove useful for establishing strategics
fo overcome cetuximab resistance mediated by the
heregulin antocrine loop. Indeed, a recent phase I/1 study
with refraciory colorectal cancer patients revealed potential
antitumor activity of the contbination of cetuximab and

A DiFi cells treated with B
cetuximab alone

Cetuximab

Cetuximab

DiFi-HRG cells treated with C
cetuximab alone

OnCusp
Ex. 1002

pertuzumab, a HER2-targeted antibody that blocks Hgand-
dependent HER2-HERS3 heterodimerization. However,
this drug combination was not tolerable as a result
of overlapping toxicitics [25]. Given that the toxicity
profile of patritumab differs from that of pertuzumab
[26], the combination of cetuximab and patritumab
warrants evaluation m the chinical setting. We also found
that the 1€ value for the antiproliferative effect of the
combination of cetuximab and patritumab 10 PMFI-HRG4
cells was ~10 times as high as that for cetuximab alone
in DiFi-Mockl cells (Fig. 1C, Fig. 3A). The discrepancy
between these i virro data and our i vive findings may
sageest that antibody-dependent cellalar cyvtotoxicity [27]
involving NK cell activation plays a role in tumor growth
whibition by the combination of both agenis. Moteover,
combination therapy with these two IgGl antibodies
may result in an enbanced anlitanor activity mediated
bv cyiotoxic T lymphocytes [28] i the clinical sctting.
Given the recent evidence mplicating the importance
of interactions between therapeutic antibodies and the
fraraune system in the efficacy of antibody treatrnent [20],
further investigation of such mechanisms ts warranted.

In conchusion, we bave shown that consecutive
activation of HER2-HER3 and AKT by heregulin in an
autoctne-dependent manner confers resistance o cetuxinab,
and that patritumab restores cetiximab sensitivily in fumors
with heregulin-induced cetuximab resistance. Further stodies
of corabination therapy with patritumab and cetuximab are
thus warranted 1 mCRC patients with heregolin-induced
resistance 1o EGFR -targeted antibadies.

DiFi-HRG cells treated with
the combination of
cetuximab and patritumab

S Cetuximals
M Mags

O
\\\\‘
&

ERK AKT ERK

AKTY

Apoptosis
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Figure 5: Model for intracelhslar signaling underlying the induction of apoptosis by cetuximab and patritumab in
colorectal cancer cells. (A) DiFi colorectal cancer cells treated with cetuximab alone. (B) DiFi cells that stably overexpress lieregulin
(DiF1-HRG cells) are resistant to cefuximab as a result of HER2-HER3 heterodimerization and AKT activation induced by heregulin
{C} Patritumab abrogates cetuxinmab resistance mediated by the heregulin autocring loop in DiFi-HRG cells.
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Cells and reagents

The DiFi human colorectal cancer cell line was
kindly provided by P A Janme (Dana Farber Cancer
Institute). DiFi cells were maintaimed under a humidified
atmosphere of 5% CO, in air at 37°C w Dalbecco’s
modified Eagle’s medium  (DMEM) containing high
glucose and supplemented with Haovs F-12 and 10% fetal
bovine serurm (FBS). Cetuximab was obtained from Merck
Serono, and patritumab was kindly provided by Datichi-
Sankyo (Tokyo, Japan). Recombinant human heregulin
(NRGI-BH/HRGE-B1 extracethudar domain) was obtained
from R&D Systerms.

Establishment of cells stably overexpressing
heregulin

A full-length ¢DNA encoding human heregulin
{(NRG1, GenBank accession no. NM 0139563 was
obtained from Origene (Rockville, MD). The amplification
product was verified by sequencing after its cloning inte
the pCR-Blunt 1I-TOPO vector (Invitrogen). The heregulin
cDNA was then excised from pCR-Blunt II-TOPO and
iransferred to the pQCXIH retroviral vector {Clontech),
and retroviruses encoding heregulin were produced and
used to infect DiF1 cells as described [29]. Cells stably
expressiog heregulin were then isolated by selection with
hygromycin (Invivogen) at 300 pg/mL.

Cell growth inhibition assay

Cells were transferred to 96-well flat-bottomed
plates and culivred for 24 h before exposure fo varous
concentrations of cetuximab or patritwmab in medium
contaiming 1% FBS for 120 b Cell Couonting Kit-8
solution (Dojindo, Kumamoto, Japary was then added to
cach well, and the cells were incubated for 3 b at 37°C
before measurement of absorbance at 490 nm with a
Multiskan Spectrarn instrument (Themno Labsysteras).
Absorbance values were expressed as a percentage of
that for nontreated cells, and the ¥C_| of cetuximab for
inhibition of cell growth was determined.

Heregulin ELISA

The conceniration of heregulin in cell culture
supernatants was measured with the use of a sandwich
ELISA (NRGI-BI DuoSet, R&D Systems) as previously
described [30]. Cells were seeded in six-well plates at a
density of 0.5 x 10° cells per well in DMEM supplemented
with 10% FBS. After the cells had achieved confluence.
the medimm was replaced with 5 ml of DMEM
supplernented with 6.1% FBS, the cells were incubated
for 48 h, and the culture supernatants were collected for
assay of heregolin,
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Immunoblot analysis

Cells were washed twice with ice-cold phosphate~
buffered saline (PBS) and then lysed with 1 = Cell
Lysis Buffer (Cell Signaling Technology) consisting
of 20 mmol/L Tris-HCH (pH 7.5}, 130 mmmol/L NaCl, 1
mmol/l. EDTA (disodium salt), 1 nunol/L EGTA, 1%
Triton X-100, 2.5 mmol/l. sodiom  pyrophosphate,
i mmolL B-glycerophosphate, 1 mumol/L Na V0,
feupeptin (1 pg/mL). and 1 memol/L phenvimethylsolfonyl
fluoride. The protein concentration of the Iysates was
determined with a bicinchoninic acid assay kit (Thermo
Fisher Scientific), and equal amounts of protein were
sebjected to SDS-polyacrylamide gel electrophoresis
on a 7.53% gel (Bio-Rad). The separated profeins were
transferred {0 a nitrocellnlose mermbrane, which was
then incubated with Blocking One solution (MNacalai
Tesque) for 20 min at room teraperature before incubation
overnight at 4°C with primary antibodics. Antibodies
to heregulin (NRGI-81), to phosphorylated EGFR
{phospho~Tyr!™%), to phospharviated HER2 (phospho-
Tyr'™®), to phosphoryiated HERS (phospho-Tyr'™), to
phosphorylated or total forms of AKT, to phosphorviated
ERK, to PARP and to BIM were obfained from Cell
Signaling Technology; those to total HERS, 1o total ERK,
and to survivin were from Santa Croz Biotechoology.
those to total EGFR were from Zvmed/Invitrogen; those to
total HERZ were from Millipore; and those to $-actin were
from Sigma. The membrane was then washed with PBS
contataing 0.05% Tween 20 before wcubation for 1 b at
room teraperature with horseradish peroxidase—conjugated
secordary antibodics (GE Healtheare). Intmone complexes
were finally detected with ECL detection reagents (GE
Healthcare).

Annexin V binding assay

The binding of annexin V to cells was measured
with the ose of an Anunexin-V-FLUQOS Staimng Kit
(Roche). Cells were harvested by exposure to trypsin-
EDTA, washed with PBS, and ceninfuged at 200 x g for
5 min. The cell pellets were resuspended in 100 yb of
Annexin-V-FLUQS labeling solution, incubated for 10 to
15 min at 15° to0 25°C, and then analyzed for fluorescence
with a How cytometer (FACSCabibur) and Cell Quest
software (Becton Dickinson).

Tumor growth inhibition assay in vivo

Al animaal experiments were performed i
accordance with the Recommendations for Handling of
Laboratory Animals for Biomedical Research compiled
by the Commuittee on Safety and Ethical Handling
Regulations for Laboratory Animal Experimenis, Kinki
University. The ethical procedures followed conformed
to the UKCCCR guidelines for the welfare and use of
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animals m cancer research [31] The studyv was also
reviewed and approved by the Animal Ethics Commitiee
of Kinki University (approval no. KAME-22-018). Cells
were injected subcutancously mto the axilla of 5- o
o-week-old female athymic pude mice (BALB/e nu/nu;
CLEA Japan), and treatment was initiated when tumors
in each grovp of six mice achieved an average volume of
1000 to 1200 v, Treatment groups consisted of vehicle
control, cetuximab (1.0 mg/body), patritumab (1.0 mg/
body), and the combination of both agents. Cetuximab and
patritumab were administered by intraperitoneal injection
twice a week for 4 weeks, with control animals receiving
a 0.5% (w/v) aqueous solution of hydroxyl propyimethyl
cellifose as vehicle. Tumor volume was determined from
caliper measurements of tumor length (£) and width ()
according to the formula L1772, Both tumor size and body
weight were measored twice weekly. For ethical reasons,
animals were removed from the study if the tumor volume
exceeded 2500 pure.

Statistical analysis

Quantitative data are presented as means + SE
unless indicated otherwise. The significance of differences
was evaluated with the unpaired two-tailed Student’s  fest.
AP value of <06.05 was considered statistically significant.
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ABSYRACT —— Objectives. In the breseni study. we elucidated the mechanisin underlying EGFR inhibitor resis-
! tance and examined whether the anliIER3 antibody patritumah can overcome this resistance. Furlhermore,
i - heregulin, a HERS3 ligand, was assessed in regard to whether it could be used a5 a predictive blomarker of patritu-
- mab plus erfotinib therapy in patients with non-small cell lung cancer {(NSCLL). Methods. The EGFR mutant
NSCLC cell line PCOHRG with a high heregulin expression was used to evaluate the sensifivity of patritwinab and
eriotinib and the effects of these drugs on intracellular signaling. The heregulin expression was measured using
tissue samiples ohtained from WSCLC patients treated with patritumab: plus erlotinib or placebo plus erlotinib'in a
. randomized phase 11 study (HERALD study). Resudls. PCY cells were found to be sensitive to erlotinib, whereas
PCYHRG cells were resistant to etlotinib, as FER3 was reactivated depending on the heregulin expression. The
degree of suscepiibility to patritumab also depended on the heregulin expression level, not the HERJ expression
level, among 49 NSCLC cell lines. Resistance to erlotinib was overcomie by the pairitumab combination in
PUYHRG cells: Therefore, pawritumab pius eriotinib significantly prolonged the progression-free survival versus
the placebo plus erlotinib in the NSCLL patients with a high heregulin expression in this randemized phase I1
chinical study Caz!dm;wn.s. EGFR inhibitor resistance is induced by heregulin overexpression in NSCLC: howmver,
this resistance 1s meru)me by patritumab combination therapy.

. (I 2015:55:948-955)
¢ KEY WORDS—— Patritumab, Erlotinib, Heregulin, Nog-small cell lung La,m_er Human epidermal growth factor re-
i -ceptor
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Figure 1. Mechanisms of EGFR-TKI resistance mediated by heregulin in EGFR wmutant NSCLE Al
Iniraccitular EGFR-HER3-AKT signaling pathway under ne trestment. T3 latrac ellutar EGFR-HERS-
AKT signaling pathway under EG'r'R-TK‘L treatment. C. In? ar HERZ-HER3-ART signaling path-
way in cancer cells with a high heregulin expression. EGFR-TKL EGEFR tyrosine kinase inhiditor.
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Figare 3. And-HERZ antibody patritumab in combination with EGFR-TKI alters the intracellular signaling pathway
in heregulin-expeessing BEGFR mutant NSCLC. AL Tntraceltuiar signaling pathway in beregulin-expressing EGFR mu--
wint XSCLO under erlotinib treatment. B. Intracellular signsaling pathway in heregulin-cxpressing EGFR mutant

NSCLC under patritemab combination treatment with crkmmb EGFR- TKI R GFR vrosine kinase inhibitor.
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(Translation)
Issuance Date: May 1, 2018
Submission Due Date: July 1, 2018

THE KOREAN INTELLECTUAL PROPERTY OFFICE
NOTICE OF GROUNDS FOR REJECTION

Applicant : DAIICHI SANKYO COMPANY, LIMITED
Agent : Koreana Patent Firm

Application No. : Korean Patent Application No. 10-2016-7015961
Filing Date : June 15, 2016

Title of Invention: ANTI-HER2 ANTIBODY-DRUG CONJUGATE

This application shall be rejected on the following grounds pursuant to Article 63 of
the Korean Patent Law. If you have any objection, please submit an Argument and/or an
Amendment to the KIPO by July 1, 2018. (The term can be extended by one month each, but
up to only four months. A request for an extension of 2 months or more (up to four months)
may be filed, if necessary. If you wish to obtain an extension of time in excess of the allowed
extension period (4 months) due to unavoidable circumstances (refer to the guidelines below),
you would have to submit a Request for an Extension of the Time Limit to which a document
explaining the reason therefor is attached.)

GROUNDS FOR REJECTION

[Examination Results]

o Examined claims: Claims 1, 2, 3,4, 5,6, 7, 8, 9, and 10
o The parts having grounds for rejection and related laws:

No. The parts having grounds for rejection Related laws
1 Claims 1 and 4 to 10 Article 42(4)(ii) of the Patent Law
2 Claims 1 and 4 to 10 Article 42(4)(i) of the Patent Law
3 All claims Article 29(2) of the Patent Law

1/5
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[Detailed grounds for rejection]

1. Claims 1 and 4 to 10 of the present application do not satisfy the description
requirement of Article 42(4)(ii) of the Patent Law as indicated below, and thus this
application cannot be patented.

-Below-

(1) Claim 1 recites “anti-HER2 antibody” which is an unclear expression which is difficult to
specify the structure, component, or sequence, etc. thereof.

(2) Claims 6 and 9 claim drug or pharmaceutical composition, etc. but does not specify in
detail the pharmaceutical use, and thus claims 1 and 4 to 10 comprising said claims and claims
referring thereto do not clearly describe the matter for which protection is sought.

2. Claims 1 and 4 to 10 of the present application do not satisfy the description
requirement of Article 42(4)(i) of the Patent Law as indicated below, and thus this
application cannot be patented.

-Below-

(1) Claims 1, 4, and 5 linker and drug represented by the following formula, and the antibody-
drug conjugate to which anti-HER2 antibody is conjugated, but reviewing the detailed
description including the example, it only describes antibody-drug conjugate conjugated to
mainly trastuzumab as an antibody and a preparation process thereof, and thus said claim is
not supported by the detailed description.

(2) Claims 6-10 claims a drug or pharmaceutical composition, etc., containing antibody-drug
conjugate according to any one of claims 1 to 5, etc., but this includes the rejection ground
substantially identical to the rejection ground identical to rejection ground 2-(1), and thus is not
supported by the detailed description.

3. The invention recited in all claims of the present application can be easily invented by a
person having ordinary skill in the art to which the present invention pertains as
indicated below. Accordingly, this application cannot be patented pursuant to Article
29(2) of the Patent Law.

-Below-

[D1] Korean Patent Laid-Open No. 10-2001-0052385 (June 25, 2001)
[D2] Korean Patent Laid-Open No. 10-2011-0044808 (April 29, 2011)

(1) Claim 1 relates to an antibody-drug conjugate, wherein a linker and a drug represented by
the following formula and anti-HER2 antibody are connected: -(Succinimid-3-yl-N)-
CH2CH2CH2CH2CH2-C(=0)-GGFG-NH-CH2-O-CH2-C(=0)-(NH-DX). D1 relates to a
copolymer-linker-drug complex, D2 relates to antibody-linker-drug complex, and the
inventions can be compared as below.

2/5



OnCusp

1896 of 14295 Ex. 1002
& KOREANA oritiiss
Gist of | Claim 1 D1 D2 Comparison
Technology
Feature 1 0 linker; linker; Easily
GGFG-NH-p- P Derivable
N— 4 5
C6H4-CH2-O - @W,\,«E»a
— o -CO % k
linker; ( )- L d
CH:>CH:>CH>CH2CH>- ~amno act
C(=0)-GGFG-NH- residues . 01(6S566
CH2-O-CH2-C(=0) pfu‘a;grap [ I
etc.
Feature 2 drug drug; drug Easily
(NH-DX) DX-8951 (see paragraph | Derivable
. [0112], etc.)
%
(see page 9, etc.)
Feature 3 anti-HER?2 antibody - antibody Easily
Derivable
Feature 4 anti-HER2  antibody- | copolymer-linker- antibody-linker-
linker-drug conjugate drug conjugate drug conjugate

Comparing claim 1 and D1, D1 comprises amino acid residue (GGFG)-NH-p-CecHs-CH2-O-CO
as a linker, and there is a difference from claim 1 in that the linker includes -p-CsHa- and does

not include an antibody. However, D2 discloses comprising

B

l’)’r»»

C
g

§ “““‘g‘d \(, aw-‘.’.\v«r‘”‘\x“ ‘-’.\_ A

as a

linker, and that the linker can include amino acid residues (see paragraphs [0164], [0165], etc.),

and thus a skilled person can easily derive the linker of claim 1 by combining the linker
comprising the amino acid residues of each of D1 and D2. Also, removing -p-Ce¢Ha- included
in the linker of D1 or adding the antibody of D2 to the conjugate is a matter a skilled person
can apply by selecting or altering as needed, and thus there is no particular difficulty in

constitution.

Moreover, in view of the detailed description and Example of the present application, an

antibody-drug conjugate combining a linker and a drug and mainly trastuzumab as antibody
and a preparation process thereof are described, and thus, as to effect, it is not recognized that

the conjugate of claim 1 has a remarkable effect which cannot be predicted by a skilled person
from the combination of D1 and D2.

Thus, claim 1 can be easily invented by a skilled person from the combination of D1 and D2.
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(2) Claims 2 and 3 refer to claim 1 and describe the type of antibody and the amino acid
sequence of the antibody, but D2 discloses comprising anti-CD22 antibody (see claim 1, etc.).
Since the type of antibody is a matter a skilled person can apply by selection as needed, there is
no particular difficulty in constitution. Also, the amino acid sequence can also be easily
derived by a skilled person according to the type of antibody selected.

Thus, claims 2 and 3 can be easily invented by a skilled person from the combination of D1
and D2.

(3) Claims 4 and S refer to claim 1 and describe the average number of bonds per 1 antibody
of the drug-linker structure, but this is a matter a skilled person can adjust by selecting or
altering as needed, and thus there is no particular difficulty in constitution.

Thus, claims 4 and 5 can be easily invented by a skilled person from the combination of D1
and D2.

(4) Claims 6 to 10 relate to a drug containing the antibody-drug conjugate according to any
one of claims 1 to 9.

However, as can be seen in Rejection Grounds 3-(1) to 3-(3), the antibody-drug conjugate can
be easily derived by a skilled person from the combination of D1 and D2.

Also, D1 discloses a substantial pharmaceutical composition containing antitumor drug or anti-

inflammatory drug, etc. (see Abstract, etc.), comprising antitumor drug as a pharmaceutical

(see claim 9, etc.); and D2 discloses a pharmaceutical composition comprising the conjugate
and pharmaceutically acceptable carrier (see paragraph [0194], etc.).

Moreover, the types of cancers are described, but this is only listing the types of cancers widely
known by the skilled person in the art, a skilled person could select the type of antitumor drug
and further select the type of cancer to be treated, and thus there is no particular difficulty in
constitution.

Thus, said claims can be easily invented by a skilled person from the combination of D1 and

D2.

[Attachment]
Attached 1. A copy of Korean Patent Laid-Open No. 10-2001-0052385 (June 25, 2001)
Attached 2. A copy of Korean Patent Laid-Open No. 10-2011-0044808 (April 29, 2011)

Dated May 1, 2018
Pharmaceutical Examination Division
under Patent Examination Bureau 2

of Korean Intellectual Property Office

Examiner-in-charge Jae-Jeong LEE
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[Guidelines]

1. Please note that in the case of a patent application filed on or after July 1, 2013, if more than
one Amendments are submitted in response to a Notice of Preliminary Rejection within the
time period for responding to the Notice, the Amendments except for the last Amendment are
deemed withdrawn (Article 47(4) of the amended Patent Law proclaimed on March 22, 2013).

2. Guidelines on an extension of the designated time limit

If a Request for an Extension of the Time Limit to which an explanation document is attached
is submitted in order to obtain an extension of time in excess of the allowed extension period (4
months), the examiner will determine whether the explanation falls within the following cases,
and determine whether to grant an extension of time and how long the time limit can be
extended, and then notify the applicant.

The cases where a further extension of time is allowed are as follows:

1) Where, within one month before expiry of the time limit, an agent has been appointed for
the first time or all the designated agents have been dismissed or changed;

2) Where, within one month before expiry of the time limit, a Notification of Change of
Applicant has been submitted;

3) Where, within two months before expiry of the time limit, an examination result has been
issued from a foreign Patent Office, and the applicant wishes to reflect the examination result
on an Amendment (In this case, a copy of the Notice announcing the examination result and a
copy of the claims on which the examination result is based should be submitted when
submitting a Request for an Extension of the Time Limit);

4) Where transmission of the Notice of Preliminary Rejection has been delayed for more than
one month (In this case, further one month extension is allowed);

5) Where a parent application or divisional application is pending in the Intellectual Property
Trial and Appeal Board or Patent Court;

6) Where additional time is required for an experiment and measurement related to grounds of
rejection; and

7) Where the examiner considers that a further extension of time is necessary due to a reason
beyond the applicant’s responsibility and the like.

However, where a Request for Examination has been filed by a third party, a further extension
of time is not allowed for the cases 1~5 above.

3. Guidelines on the preliminary review of a draft Amendment

If the applicant submits a draft Amendment prior to one month before the expiry of the time
period for filing an Amendment and requests a review of the draft Amendment, the applicant
may receive the examiner’s preliminary review of the draft Amendment, including the
examiner’s opinion on whether the rejection grounds could be overcome, through an in-person
interview. In this regard, please be advised that a draft Amendment must be submitted in the
form of an Amendment or Argument before filing of a Request for Preliminary Review of a
Draft Amendment.
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ORIGINAL ARTICLE
HER?2 regulates the mammary stem/progenitor cell population driving
fumorigenesis and invasion

H Korkaya, A Paulson, F Iovino! and MS Wicha

Oepartment of fienal Medicing, Comprehensive Cancer Center,

The capcer stemy cell hypothesis propoeses that cancers
arise in stem/progenitor cells through disregulation of
self-renewal pathways generating fomors, which are
driven by a component of ‘temor-iitiating cells’ retaining
stern cell propertics, The HERZ gene is amplified in
20-30% of human breast cancers and has been hnplicated in
mammary tumoerigenesis as well as in mediating aggres-
sive tumer growth and metastasis. We demonsivate that mechanisms b ich thess pathways coniribute to the
HERZ overexpression drives mamumary carcimngenesis, agpressive Ea.\. toristics of these fmors rema B un-
tumor growih and invasion through it effects on mormal CThe humaoy g-HER?2 antibody trastuzumab
aud malignant mammary stexs cells, XERT overexpres- smpr\rmgt agent used {0
sion i mormal marmsmary epithelial cells (NME(} yving HE R?. QVErex ;
increases the proportion of stem/progenifor celis as 3 bane
demonstrated by fr vitre ronmmosphere assays asd the
expression of stexs cell marker aldebyde dehydrogenase
{ALDID as well as by generation of hyperplastic lesiens in
wumnanized fat pads of NOD {(nuclestide-binding oligo-
merization domain}/SCID (severe combined rmmunodefi-
cisnt) mice, Qverexpression of FER2 in 3 series of breast
carcinoma cell limes iscreases the ALDH-expressing
‘cancer stem ceif’ population which displays imcreased
expression of stem cell regulatory genmes, increased
invasion in vitro and increased twmorigenesis in NOIY/
SCID mice. The offecis of HER2 overexpressing on
breast cancer stem cells are blocked by frastuzumabd in
sensitive, but not resistant, cell lines, an effect medinted by
the PI3-kinase/Akt pathway., These studies provide
support for the cancer stem cell hypothesis by suggesting
that the effects of HERZ ammplification on carcinogenesis,
tumorigenesis and imvasion may be doe to s effects on
normal and malignani mummary stem/progenitor celis.
Furthermore, the clinical efficacy of trastuzumab may
relate te iftc ability to target the canver stem cell
population in HER2- ampiiﬁed HNROES,

Oncogene {2608) 27, 8120-6130; doir 10.1038/0ne. 2008 207;
published online 30 June 2508

hways m(';mimo *’i
¢ be seg,usaseci E»

nc@d disease fail
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in § vear {8 dmzm

Keywords: breast cavcer; cancer stem cells; HERZ;
PI3- lxrmct pathway; ALDH
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smotherapy in patients with locally advanced breast mammospheres. The number of secondary 2

et (Lded af, ZGGR') mammospheres gencrated from the HERZ-¢
We have re , rapo“ieJ & significant correlation celis was significantly higher than that of the wmm}
between HERZ cvercxpre“mr and expression of the cells (Figure

siemt "e'}i *E)arl'“* ALDH-1 in a serizs of 491 breast
s ((hnesber ef al, 7(}07) Since tomongen-
L IVasion 3td rogtastasis may be mediated by the
aor stem cell somponent We reasone ¢ that the affects
af HER2 overexpression on wrnorigenesis might be due
to the effects of this signaling pathway on regalating the W i1
rmammary stem cell population. We report that HERZ ; ,.7) od by the
overexpression increasss the ster/progenitor celi popu-  chawacte ' :
iation of both normal and malignant mammary cells. 2""?:% Fig <
Furthermors, the effects of HER2 overexpression on ﬁw‘( yi‘»nvc
mammary tumorigenesis and invasion gre due to its nore tha old compared to [aRed-inf
offecis en the C8C population. These effects correlate The e 5 i{i R2 ov JNLRHVEV on MAmmos
with sooreased HERYT and Akt phosphorylation and are o and A _i,,i )}“ esu-" :

ighibited by trastuzumab o sensitive but not in s ’51\{:113‘: G
ceils. These studies indicate that HERZ ;
fates the mamumarcy stem/progenitor ceil p(:-pxﬂa.tacm
ing carcinogenesis and tursor invasion,
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sertal transplantation, but was also able to regeneraie
the phenotypic heterogeneity of Aldefluor- ive and
Aldefluor-negative  populations found in the initial
tumor {(Figure 3b). Thus, the Aldelluor-positive-
HERZ-positive cell population meets the functiopal
definition of “C8 in its ability t¢ both seli-renew
and to differentinle regeuerati < hetero-
geneity present in the original tumon

o detsormne whether HERZ  overexpre oy -
creased ihe tumorigem ¢ CSC component, we
mined the tumorigenicity of the Aldefiuor-positive
populations of BUMI159-IDsRed or 3UMISS-HERZ
colls. HERZ overexpression increased the rate of tumor
growih in Aldefluor-positive cells approximately two-
fold compared to conirol Aldefluor-po
plementary 48} Together, these res
that the elfects of HER? on tumor i
effects on the Al Y
HER? overexpression expands this populatic
a3 increasing ity tumorigemaity,
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iveness comparad
negative ;
inafvet

expression of sienn celi-related gemes within this cefl
population.

HER?2 has been shown 10 gignal through the PIL-K/
Akt pathw In order to determipe the relatiouship
hefween activation of this pat vy and the stem cel
¥ we sxaraned vels of Akl phosphoryia-
stern blot in Aldefluor-positive and Aldefluor-
cell populations isolated fromy control or
HERZ2-overexpressing cell nes. Aldefiuor-positive ceils
showed significantly higher Akt phosphoryviation com-
pared to Aldefluor-negauve cells isclated from the same

Pohme (Figure 5b). Furthermors, the Aldefuor-
ive  populaion from SURMLS i

showed
favels of phospho-Alkt compared
: trort from STINVIE3G-DsRex
hiese resuits wore further confinme phospho-
Akt rernunoflourescence staiping of Aldefinor-positive
and Aldefluor-negative SUMI59-Dsled and SUMISS-
HERZ2 cells (Figure 3¢).
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S /- §ociad

L5 £ =% i1 ;

MatTHiAS H. KrAus®, PAnLo FEpr®, VAURCE STaRKSY, BAFPABLLA MURARGT, AnD STUART A, AARONSONY

*Labaratory of Cellular and Molecniar Biology, Naticmal Cancer Institute, Rethesda, M 208%7; and

Roma Lr Sapienza,” 00161 Rome, ltaly

Tlvpartiments di Medicina Sperimentale. Univessita &

Communicated by Koscoe O, Brady, Decembey 22, 1352 (veceived for revisw October 19, 1992}

ABSTRACT The predicted hwman ¢rbE-¥ gene product i3
closely related to epidermal growth factor receplor (EGFR)
ang erbH-2, which have been implicated as opcogenes in model
systesms and human neoplasia. We expressed the erd8-3 coding
sequence in MNEH 313 fibroblasts and identified its produet as
2 188-kDs ghycoprotein, gpi%so™™ 3, Tunicamyein and pulse-
chase experiments revealed that the mature profein was pro-
cessed By Nolinked plveosyiation of 8 143-kika erBB-3 core
pelypeptids. The intrinsic catalytic function of gpisEe™ S was
shown by s ability {0 auviophosphorviaie in vifre, Ligand-
dependent sipraliog of is cytoplasmic domain was ostablished
eraploying transfectants that express s chimeric EGEFR/erbB-3
profeln, gpiSeFSTRADES FOT induced fyrosing phosphory-
intion of the chimera and promoied soft agar colony formation
of sech ransfectants. These findings combined with the dedec.
tion of constifutive tyrosine phosphorylation of gpi80 ™3 in 4
of 12 human neamnary famor celf lines mplicate the activated
erdB.3 product i the pathogenesis of some foxman malignsg-
cies,

A small family of growth factor receptors with the erb®/
epidermal growth factor recepior {EGFR] as a prototype has
been frequently implicated in maliguancy, The EGFR and the
related erbf-2 gene are frequently overexpressed in the
presence of absence of gens amplification ru various human
wmors {13, Moreover, they can bacome activated by
wmitaiions that constitutively enhance the catalvtic function
of their encoded proteins (4, 55 When such abnormatities are
reproduced in model systems, these receptors have been
shown capable of conferring the malignant phenotyps {(6-9%,
supporting theie oritical role in the development of human
aeoplasia,

Recently, we have identified a third family member, des-
ipnated orbB-3 (1. The erbB-3 coding sequonce predicts a
recepior-dike tyrosine kinase with close similarity to the
EGEFR angd ¢768-2 proteins. Though normaily expressed m
celis of epithelial and neuroscicdermusl ougisn, iscreased
erHB-3 transcript lovels were detected in some human breast
tumor cefl lines. These findings raised the possibility that
overzxpiession of this genc playvs a rele in some humsn
epithelial malignancies (16}, Our present studies were under-
taken o an effort to ideniify and characterize the normal
erbB-3 gene product, By arnalysis of an BEGFR/erb8-3 chi-
menc receptns, we deraoastrate that BGF-dependent activa-
tion of the erb#-3 catalylic dornain resulls in a prohferative
respoase in iransfected NEH 373 cells. Finally, we show that
some Buman mammary temor oell lines exinbit a dramatic
elevation of steady-siate erbB-2 tymame phospharylation
implving functional e#H8-3 activation in thess tuwor celis,

The publication costs of this articie wzare defrayed in part by page charge
payment, This article must thevefore be hereby marked “advertisement”’
tr accordance with 18 U 8.0, §1734 sofely 1o indisate this fact.

2866

MATEREALS AND METHODS

Engineering of LTR-erpR.3 Expression Vector and DN
Transfection. The pdifnes expression vector {11} was mod-
tfied vy introduetion of 3 unigne Sal I cloning site. Following
delctgen of the Sal { site in the tetragyehine-resistance gene,
the synthetic oligonuciestides §'-QATCTCRAGTUGALS
and S-GATCGTCGACTOGASY were anncaled and lgated
into the single BamHI site to generate pZIiTPness,. The erbE-2
open reading frame (3 including 7 suclestides upstream of
the initation codon and the termination codon (nucieotides
93.-4128) was linked with 4f § ends crploving the polymer-
ase chain reaction (PCR) and cloned into pdiPacog, (LTR-
erb8-3). Sense orientation and integrity of the opeon reading
frame were soufirmned by restriction analysis as well as
nuclestide seguence analysis of cloning boundaries and PUR-
amplificd regions. The chimeric BEGER/erbB-3 receptor was
engineered by ivining extracelluiar and {ransmembrane do-
maine of the EGFR {amine acids 1~583; ref. 12) with the
intraceilular portion of erhB-3 {amino acids 681~1342). Its
construcsion will be described in detail elsewhere, Linearized
cxpression constructs (0.81-16 ug per plate) were transfecied
into NIE 313 cells by calctum phﬁspnate precipitation using
40 g of calf thyrans DN A as carrier. Mass culures express-
ing the recombinaat proteins were obiamed by selection with

750 ug of G418 per yd.

Soft Agar Assuys snd Human Tumer Ceff Lises. To test
anchorage-mdependent growth, cell spspensions were
seeded at 10-fold serial dilutions in semizobid agerose meditm
coptaining growth medivm and 0.43% seaplaque agarose
{FMC). Visible colonies comprising > 190 célls were goorad
at 14 davs, BGF was added af a concentration of 20 ng/mi as
indicated. Human mammary tumor cell lines were obiained
from the American Tvpe Cuiture Collection and propagated
in Taibecen’s modified Hagle medinm containing 105 fetal
calf sorum.

Generstion of erb2-3 bMonoclonsl Antibedy snd Poptide
Auntisera, BALR/c mice were immunized with Hve LTR-
erHB-3 cells. Somatic cell hybrids were prepared by fusien of
wmmune splenocytes with murine nonsecretiag M3-1 my-
cloma vells {13, 14). Bybridores supernatanis were soreensd
for differenizal immunoreaciivity with LTR-er£8-3 but aot
LIR-neo transfectants by enzyme-linked immunosorbent
assay {ELISA) using Hive cells or cell exiracts as antigen
source. Positive hybridoma cell Hines were cloned fwice by
Hraiting dilution and farther characierized by immunopeecip-
itation and immunofluorescence analysis, One monocional
antibody, MAD B3-1 (gl2a lsotype), specifically recogaized
the extraceliulor domain of the human #rbB-3 protein and did
not show any cross-repctivity with the related BEGFR of
erbB-2 proteins overexpressed in an NIE 3T3 cell back
ground, Poivelonal antisera were radsed in rabbits against two

Abvbreviations: EGYT, epidermal growth factor; BOFKR, EGF recep-
e
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rhoxvi-terminal erdbB-3 coding
2), EREDEEYEYMNRRER,
a-
s were coupled to thyroglobulin using ghutaral-

synthetic peptides in the
sequence (10} MK4 (1151~

MES (125412683, TTPDEDYEY MNRED, For i

than, peptid
dehiyde.
Protein Analysic. Protzin lysates were prepared in Staphi
buffer {15 contaimng the proicase inhibitors phenyimethyi-
sulfonyi fuoride (1 mM) and aprotinin (08 gp/mi; Boshringer
Manoheimy. For the analysis of phosphotyrosine (F-Tyr)
proteing, the phosphatase whibitors sodivm orthovanadate {2
mbi) and sodiom pyrophesphate (30 mM) were added. Im-
munoblot analysis using peptide antisera was essentially
condusted as reported (133, An EGFR peptide antiserum was
generated against @ carhboxyl-tenminal epliope of the receptor
{ET) as described (16). For the detection of PTyr proteins,
membranes were blocked (o phosphate-buffered saline (PBS)
containing 5% bovine serum albumin (BSA} and wmunas-
statned with 2 mixture of monocional anti-P-Tyr antibadies
{PY20 and PY6D; TCH) diluted 1:500 in PBS containing 1%
BS A, Filters were washed with PRS containing 8.05% Tween
20, bumunoeprecipstation was conducted as described {17}
ng GammaBind & agarose (Pharmacia) to eollect the
immmnocomplexes. The beads were coupled with goat anti-
raouse FgG second antibody {Boehringer Mannkeim) in im-
rannoprecipitations using erf#-3 or EGPR mococional anti-
bodies. A commerciaily available monoclonal antibody,
AB-1 (Oncogene Sciences, Minsola, NY), reactive with the
EGFR extraceilular domatn, was ermployed for immunopre.
cipitation of EGFR and EGFR/erbB-3 proteins, For in vitre
Kinase assays, 4 mg total lyvsates were precleared with
GammaBind ( aparcse. Foliowing immunopre i
washed immunocomplexes were equilibrated in autokinase
noffer comzimag 4 mM Hepes H 7.5, 10 mM Mglh, 3
M MaCh, and 0.0539% Taton., The immunocomplexes were
subseguentlv divided for immunoblet asalysis or immuno-
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transfeclants wer
100 ug/ml e
Immuneprecip

s pulse-labeled fo min with 4.5 mCi each of |
i of unlabeled methionine and cysteine for the indica
ated from total lysates using MES antiserds,

Froc, Natl, Acad, Sci. 1S4 90 {995} 2601

complex kinase assay. Autokinase reactions were careied out
in 40 ud of autokinase buffer containing 20 1 i of [v-PPIATP
(3000 Cifmmoi; 1O = 37 OB at 23°C for 1§ min and
terminated by addition of SD5-containing sample ba Ho

RESULTE

Recombinant Expression of the erb#-3 Protein in M{H 313
Fibroblasts. Por structuesl and fusctivnal charscterization of
the erkB-3 gene product, we inserted the complete erb8-2
open reading frame {10} into a modified ZiFneo vector (11,
placing the cDNA under the transcriptionsl control of the
Moloney murine leukemia virus lopg-ierminai-repsat se-
guence (L TH-erb8-33. NIH 373 fibroblasts were transfested
with LIR-er28-3 or LTR-noo control DMA and oultured in
the presence or absence of the seleciive drug G418, Under
conditions (n which efficient drug resistance (6 ¥ 10° colonies
per prol} was conferred by LTR-er58-3, no transformed foci
were detectable. In contrast, LR erb8-2 or BEGF-trigpered
LTR-EGER induced merphaiogical transformanon of NIH
373 cells with sfficiencies of arcund 1.2 » 10 per praot and
2.3 « 10 per pmol, respectively, as described (6, B)

To iest for expression of the erb -3 protein, we developed
two polyclonal rabbit antisers against synthetic peptides
encompassing residucs 1191-1205 (MK4) or 1234-1268
(MK 5 within the carboxyl terminus of the predicted ers8-3
produci (1), Immuncblot analysis of lysates from marker-
selected ETR-neo and LIR-2¢22-3 {ransfectants revealed &
raajor 180-kik band only i LTR-2r58-3 cells, This band was
independently recognized by both aatisera (Fig. 14). There
was RO Cross-reactivity of either antisernm with the related
BGEFR o 2758-2 proteins overexpressed in NiH 313 cells,
Immunoreaciivity of either antiserum with the 180-kDa band
in LTE-¢rb8-3 transfectants was competitively inhibited by
the antigenic pepiide, whereas MK4 reacuvity with a faint

g
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{A) Immunoblot analysis of transfectants with erb2-3
ation with MKS antiserum of ETR-erpB-3 {ran
g/ mb. () Pa
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125-k1a band was not affected by peplide corpetition (Fig.
1A). These results established specificity of «rbB-3 protein
detection by both polyclonal antisers. By comparison, the
18G-kDa erbd-3 protein migrated distinctly slowear than the
173-kDa BGEFR and slightly faster than the 185-¥Da erbB-2
protein {data oot shown).

The Matars erdfl-3 Produst, gpilR0etE3, Reprosents s Cat-
alytieally Active Glyesprotein Associated with the Cell Mere-
brane. To characierize processing of the erh -2 protews, we
performed immunoprecipitaion experiments with MES an-
tiserum, Metabolic labeling of LTR-2rH8-3 transfectants in
the presence or absence of tuicamycin demonstrated that
the i45-kDa erbB-3 core polypeptide is modified by N-linked
giyvoosviation (Fig. 18). Pulse—chase asalysis further indi
cated cotransiational processing, resulting in a predominant
170k precursor protein in addition to faint erb8-F-specific
bands of 15¢ kla and 160 kDa, following 15 min of pulse~
labshing {Fig. 1), The mature 180-kDa erbB-F protein ap-
peared aftor 0.5 b of chase, and the majority was converted
o gpl80ES by 1 h, By analysis of further time points, we
estimate an approximate haif-iife of 2-3 h (Fig. 1. Thus, tn
NIH T3 cells, gpl80=hB3 exhibits an apparently fasier
turnover than the BGPR, for which a biosysthesis e of 3
h and approximate halflife of 3~6 b have been reported (1&),

For immunoclocalization of the erbB-3 protein, ag erdB-3-
specific monoclonal antibody, MAL E3-1, was raised against
the recombinantly cxpressed protein. MAD E3-1 specifically
immusoprecipitaied gplfieh3 from LTR-erbB-¥ transfee-
tanis {Fig. 2.4) and did sot exhibit cross-reactivity with the
EGFPR or ersB-2 proteins (data not shown}, Immuncfiuores-
cence anniysis reveaied beterogeneons membrane bmymino-
staging of formalin-fined LIR-2r68-3 cells using MAb E3-1
fat ot with a nonspecific mouse immunogiobutin of match-
ing isotype (Fig. 28). MAb E3-I-specific mombrane fluores-
cence of npative LTR-erb8-3 cells (Fig. 28) indicated that
gr 808 was exprossed at the cell surface, as expacted for
a membrane-anchored protein,

To investigate i3 function, we sext apalyzed the erbf.3
praiein for in vitre nase activity. LYR-er88-3 and control
LYR-neo cell lysates were first immunoprecipitated with
B3-1 followed by immunoblot analysis with MK4 antiserum
{Fig. 34). When the same lmmunoprecipitates were incu-
bated in autckinase buffer condaimag [y "PLIATE, a predors-
inant 180-kDa phosphopratein was {abefed oaly i ummone-
precipitaies containing the erbB-2 protein (Fig. 38). These

A
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Fro. 2. Immunciocalization of zplBEoP™S on the susface of
LTR-erbB-3 ceils. {4) Immunoprecipitation anaiysis of metabohicalty
tabeled LTR-2rBR-F transfoctasnts with monccional antibody H3-1
and & nosimmune control. (B Indirect immupofiuorsscence. For-
malin-fived LTR-er58-3 transfectants were incubated with MAb
K31 (Epper Laft; or nonimmune IgG (Lower Lef?) and stained with
a fluorescein-coniugated secondary agtibody, (X588} (Kighs) bndirect
wrmunofluorescence with MAb £3-1 of sative LTR-2rb8-2 cefls.
{X304.)

OnCusp
Ex. 1002

Proc, Natl Acad. Sei, U8A 96 (1993)
Lo

TR-ehB g

it
R L

sty T ks

Fus. 3. Autophosphoryiation in viro and chronic tyrosine phos-
phorviation i vive of gplSoo»B?, LTR-2r68-1 or control lysates
were immuaoprecipitated with o7B8-3 monsocional antibody (B3-1)or
ponimasne {gG (NY). Paraflel immunoprecipitates were subjested
either fo tmmunchist analysis with ME4 antiserum {4) o1 (¢ an
immunscomplex kinase assay in the presence of [y-*2P1ATP (8:. (T}
Tyrosing phosphorylation in vive was assayed by immunoprecipita
fion with monocional antt-F-Tyr antibodies followed by immuno-
bloiting with MK4 antiseram.

findings indicated that gpiB08? possessed intrinsic protein
Kimase selivity, To assess its enzymatic activity in vive,
LIR-erb8-3 lysates were subjected (o Immunoprecipiiation
with P-Tyr-specific monocional antibodies {anti-P-Tyr) fol-
lowsd by immunabloiting with MK4 antiverum. As shown in
Fig. 3C, the erbf-3 protets was recovered from anti-P Ty
imvmunoprecipitates, and immunodeioction was competi-
tively inbibited either by phenyl phosphate {8 the ioumuno-
precipitation or the ##68-3 peptide in Western blct analysis,
These findings indicated that recombinant gpi80~EI ex.
pressed i NIH 373 cells was chrameally phosphoryiated on
tyrosine reskines,

REGE-Dependent Signaling by an EGFR /erb-3 Chimeric
Receptor. To explore erbB-3 signabag, we uitlized a chimeric
vecentor, LTRB-BGFR/erbf-3 containing the Hgand-binding
domain of the closely related BEGF receptor {amine acids
18821 and the intracellular portion of 7883 {amino acids
681-1342; unpublished data). Transfoction of NIH 3173 cells
with this construct did not resull in detectable focus foma-
tion either in the presence or absence of BGF. To lavestigate
hgand dependence of erbf-J enzymalic activity, we com-
pared in vivo tvrosine phosphorylation of the chimeric re-
ceptar (n the presence ot absence of EGY. This protein,
EGEFR {8), and erdf-3 proteins fom independent fransfec-
tants were enriched by immuasprecipitation and subdected o
immencblot analysis with either anti-P-Tyr or the appropri-
ate spoecific antisersm.

As shown in Fig. 4, the steady-state level of tyrosine
phosphorviaied gplBereE? in NIH 3T3 cells was not aliered
upen EGE exposure {danes 1 and 2} The chimeric BGFR/
erbB-3 receptor that was expressed as & 188-kDa protein,
gpiBHECFR/aeBY  dontavad 3 low bul detectable level of
tyrosine phosphoryiation In serum-free medium dane 3.
However, HGF irggering of the chimers resulted in a sub-
staniial increase s tyrosine phosphorviation, demonstrating
EGP-dependant activation of erbf-3 catalyic function {(ane
4}, The wild-typs BGEFR showed a somewhat higher level of
BGP-dependent tyrosing phospboryiation nader the same
eonditions {lane 6). Of note. the relative level of gpiggerts?
tyrosine phosphoryistion was comparable to that of the
EGF-activated chimeric receptor expressed at a similar pro-
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Fia. 4. BOP-dependent tyrosi inton of an BGFR/
erbR-3 chimeric receptor, gplSEGER/eE-3 - Qeypm-starved LTR-
erh8-2, LYB-EGFR/erb8-3, and LTR-EGHR transfectanis wers
triggersd with 104 ng of HGF per mi. Similar amounss of gpi8Ge»ha,
gplBOEUER/DES  and FOFR were immunoprecipitated (JF) with
erhB-2 {F3-1 or BEOFR {AB-1} monocional antibodics followed by
immunodlol analysis with ent-P-Tyr antibodies or anti-erbB-3
(M) and anti-EGEFR (E7) peptide antisera, respectively.

toin lovel, implying conatitutive activation of #rb8-3 catalytic
properties in LTR-2rb8-3 transfectants.

We next assessed the biological effects of activated erbB-3
catalytic funciton by testing the trapsfectants for anchorage-
independent growth (Table 1), LTR-neo controls {3 = 1%
EGF ninding sites per oell} failed to exhibil siguificant soft
agar growth in the presesce or absence of EGY. In contrast,
EGP induced LTR-BEOFR/erb8-3 {1 = 10° binding sites) and
LIR-EGFE tranpsfectants (3 2 HI® binding sites) to form
colonics, although the iatter showed greater numbers (Table
i) as well as ipereased colony size (data not shown). Con-
versely, the LTE-erb8-3 transfoctant, which expressed $.6~1
X M erbf-3 molecules per cell as compared by immuno-
hlotting with the chimenc recepior transfectan:, displayed
BGF-ndependent colony foonation with an efficiency simi-
tar to that of FOFactivated LTR-FOFR/erb8-3 cells (Table
1). All of these findings esiablish that ligand activabon of a
chimeric EGFER/erbB-3 recepior causes mningemc siguaking
in NIH 37T3 ceils. Forthermore, chrouic tyrosing phosphor-
viation of erpB-3 in LTR-erbf-3 transfecianis is associated
with ite constitutive sigpaling in these cells.

Evidenee for Activated erhB-3 Signating Fuunction in Human
Breast Tumor Cells, The availabiitty of erbB-3-specific anti-

Table 1. Anchorape-independent prowth of PIH
312 wansfeciants

Colenies, ne, per 109 cells

Withous EGF With EGE

NIH 3773 transfectant

i 4 2
LTR-EGFR 2 206 x 49
LTR-EGFR/ erbB-3 } &8 x 16
LER-erbB-3 3

Data are expressed as mean * standard ervor of three independent
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fyg, 8. Activation of gplBisit®? genaling function in humisn
breast wmor cells, The erbR-F protein was Immunoprocipitated with
MAbL E3-1 from 1 mp of total protein bvsate and subjecied o
irnunoblol analysis with e7BB-3 peptide satisernm MK4 or phos-
photyrosing antibodies 25 indicated

bodies made it possible to explore expression and activity of
spl80eBd i human tmor cells. Based upon our previous
evidence of erb8-3 mRNA overexpression i certain bronst
cancer ceil tines (10}, we raeasured ersB-3 protein levels and
tyrosine phosphoryiation in such ifumor lines. Poliowing
immunogrecipiiation with MAb E3-1, immunocbiot analysis
with ME4 sutiscrum revealed the natural buman erb8-3
product as a 180-ka protein. The levels of erbf-3 proicin
varied markedly among the tumor Hnes analvzed with highest
expression i BT48Y, MDA-MB453, MDA-MB134, MDA-
B35, SK-BR-3, and MDA-MB46R (Fig. 5}, The lowest
fovels were observed in BT20 and MDA-MBI7S cell bnes
{Fig. §i, comparable with that expressed by nonmalignant
18483 mammary epithelinsl cells {data not shown), Thus,
erbf-3 protein expression vaned by at least 20~ to 30-fold
among the lines tesied,

Immunobiot analysis of the same bnmunoprecipitates with
anti-#-Tyr antibodies revealed that tyrosine phosphorylation
of the native eré:#-3 product was undeiectable in eight of the
tummor cell Hoes, inchuding MDAMB134, MDA-MRI6L, and
MDA-MEBL6E, which harbored increased erb8-3 protein lev-
ele. In contrast, the erbB-3 protein expressed by four celf
lines, including MDA-MB4S3, BT474, MDA-MBI7S, and
SK-BR-3, was chronically phosphoryiated on tyrosine (Fig.
5 lames 5, 7, %, and 11} In one of these cell lines, MDA
MEB17S, there was no signifioant elevation of erb8-3 protein.
These sbservations provide evidence for consiintive activa-
Lon of the erpB-2 signaling function i cortain human treor
cell Lipes.

EESCUSEION

fn the pressmt study, we charactenzed the human erd8-3
gene product, gpl8™E3 | ag a transmembrane glycoprotein
exhibiting propertics characteristic of a receptor-itke tyrosing
kinase. The recomsbinant human erbB-J protein exhibited
slecirophoretic mobility tndistingnishable from the satural
erbB-3 product expressed by bumao breast tumor cell lings.
Moreover, recorabinant and endogenously cxpressed
pplROEYE3 were specifically recopnized by different antibod-
ios directed against distinct epitopes. The 145-kDa erbf-3
polvpeptide precursor conformed with the predicted ¢rb68-2-
encaded protein ollowing cleavage of s signal seguence.
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Finally, cur demonsiration of in virro Kinase activity estab-
fished that recombinant gpl809P82 possessed catalytic func-
Hon. A 160-kDa protein has been reported for e268-3 cDMNA
transiently expressed in COS cells (191, Although functional
activity has not been demonsttated for this protein, i remains
to be defermined whether this lower molecuiar mass species
reflects incomplete processiag or some structural differcnce
in s coding seguence.

Althongh the erpB-3 tyrosine kinase domain shaves >60%
amino acid identity with the BGFR and ¢rb8-2 proteins, there
are singie amiod acid substitutions in highly conserved yes-
iduss shared among krown tyrosine Kinases. This has raised
ihe guestion as to whether es£8-3 actually harbors intrinsic
catalyiic activity mvoived in signal propagation instead of
signal attenuation 8s has been postulated for cerisin other
recepior tyrosine kinase-like molecules (20}, Most notably,
codon 834 within the tyrosine kinase domain predicts aspar-
agim in erbf-3, whereas aspariate is prosent at this position
in essentially sl known pmtem kinases (10, 19, 21}, More-
aver, subsiintion of asparaging for aspariate at thig position
zholishes o-kir and v-fps tyrosine kinase antivity (22, 23}, Our
characterization of the erbB-7 cytoplasmic domain demon-
strated not only s catalvtic fpction but slso the ability to
transdince 2 mitopenic sgaal. Thuk, the wrbl-F gone Saeddes
a rmenbrane-spansing molecule possessing sl ymgw* twanfa
functional g*omh factor receptor,

Constitutive activaiion of erbB-3 catabytic activity was
demonstrated in LTR-erdB-3 transfectanis. These results
raise the possibility that NIH 373 cells may express anerb8-3
tigand, If 5o, this putative kgand wounld nalikely interact with
the BOFR, since overexpression of the Iatler in NIH 313 cells
is nod assockated with s tyrosine phosphorylaiion in the
absence of exogenous EGF. We further established thet EGF
neither enhanced in wive tyrosine phosphorylation of
2pi80tB3 nor clicited 8 mitogenic response in LTR-erbB-3
cells, additions] lgands of the BOP furaily ncluding trans-
formming geowth factor a (34), amphiregulin (25}, and heparin-
binding FGE (26) bave also failed to stimulate gpi80»E3
tyrosine phosphoryiation or DMA synthesis i LTR-erbB-3
cells {unpublished observations). Though a low-aifinity io-
teraction of koown BGF-rslated lgands with gpl8iems3
cannot be exciuded, our findiogs suggest that erb8-F and
EGPR proteins possess distinet ligand specificities.

EGFPR and ¢rbB-2 genes have been implicated as onco-
genes based upon demonstration of their overexpression and
constifutive activation in vagous buman toraors {15, 18,
27-31}. Qur present fndings argue sirongly that the most
recently identified famidy raenbor, #rb8-3, 1 activated in
seme fupaan breast tumors, Overexpression of the erdB-3
prodein did not invariably correlate with its chronic tyrosine
vhosphorviation. Hence, erh8-3 activation may involve au-
tocrine stimudation or sublle genetic alterations. In addition
0 breast tumors, expression of the erbB-7 transeript has boen
observed in a wids range of human carcinomas including
solon, ng, kidoey, pancreas, and skin (30, 323, This prompts
the search for evidence of erHB-3 activalion as an OROOEene
in these other common human cancers as well.
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Isolation and characterization of ERBEI, a third member of the
ERBE /epidermal growth factor receptor family: Evidence for
overexpression in a subset of human mammary tumors
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ABSTRALCT A& velated DBNA& fragmeni distinct from the
epidermad growih factor receptor and EREB2 gones was de-
fected by reduced stringency hybridization of v-orb to normal
genomic human DMA. Charscterization of the cloged DNA
fragment mapged the region of v-erbB tumology o thres exons
with closest identity of 64% and §7% B » contiguons region
within the tyrosine kinase domains of the epidermsl growth
facior recepter and ERBRBI proteing, respectively, CDMA don-
ing revealed a predicied 148-kDa fransmembrane pofypeptide
with stracturs] feafered identifying # as 2 member of the EERE
gene family, prompiing v 1o designate the gene as ERZS3. K
was mapped to human chromosome 124173 and was shown to be
expressed as 8 6,2-kilobase tramseript dn & variety of normal
tissues of epithelind origin. Markedly clevated BERBBY mRNA
fevels wers demesstrated i certaln husan mammary fumaoer
eedl lines, These fndings sugeesi that increased ERFHT exprese
siom, a¢ ko the onse of epidermal growth faster recepior und
ERBEZ, may piay 2 vole in some homan maliguancies.

Protooncegenes snooding growth factor receptors consiitute
several distine! faunibies with cloae overall structural homol:
opy. The highest degree of homelogy is observed in their

catalytic domains, essential for the inteigsic fyresing Kinase
activity of these proteins (1}, Bxamples of such familice
wib factor rewuptor

bhade geney snmdmf, epidengl

SOEGRY and BRENZ, ke coboav-sdimdiating faofer 1/
plat._i-st -derived grow th fastor rece ptors, insulin/insulinike
growth factor 1 receptors, and EPH/ELX (2-12). Growth
factor receptors in several of these families play critical roles

in reguiation of normal growth and development. Some of

these molesules have been implicated in the neoplastic pro-
cess as woll. In particular, both the EGEF-R gene and EREHZ
have been shown {o be activated as oncogenes by mocha-
'1isms invelving overexpression or mutaiions that cossiite-

ively activate the calalviic activity of thelr encoeded proteins
\.;3 16} Thus, we undedtook the pxcsent studies in an effor
to identlly and isolatc additional members of the ERBSE
srotooncogene family.

MATERIALS AND METHODS

Harnan Cells, Mammary epithelial celis AB38Y (17} and
imumorialized keratinocytes RHEK (18} were provided by M.
Stampfer (Lawrence Berkeley Eabormtory) and ! Rhim,
respectively. Nermal human epidermal melanocyies
INHEM) and kemtinooytes (INHEK) wero obtained from
Clonetics {San Diego, UA). Scurces for human embryo
fibroblasts (19 or mammary tumor cell lines (207 have been
described.

The publication cosis of this article were defrayed in part by page charge
pavment, This article must therefore he herehy marked “advertisement™
in accordance with 1X U.3.C. §1734 salely to indicate this fact.
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PNA and RNA Hybeidization, High-stringeney hybridiza-
tioge was condocted zs described (263, Fedumdwstrmgmcv
hybridization of DMA was carried out in 30% {(vol/vel}
formamide followesd by washes in .6 S3C, whereas inter-
mediate siringency was achieved by hybridization in 40%
{vel/vol} formamide and washing in 8.28% 38C,

Molecular Clouning, An sheo{d T -pomed hursan placenia
cDNA Hbrary was obt ‘)nt‘ai frem Clomech. The olige(dT)
pnmcd MCFE-7 cDNA library was constructad in AplEVE
(21} After plaque purification, phage DNA inserts were
subcloned into pUC-based plasmid vectors for further char-
acterization.

Nucleotide and Amine Acid Seguence Analysis, The nucls-
otide sequence Was deterndned for both DA strands by the
dideony cham-termination method (22} uaing supercoiled
plasmdd BNA as teraplate.’ Amino acid sequence comparni-
son was performed with the alignment program by Pesrson
angd Lipman (23} IIydmphobia and hydrophilic regions in the
predicted protetn were ideniified according 1o Kyte and
Doolittle (24},

RESULTS

Identification of 3 Third Member of the ERAE Protoence-
{ novel ERERrelaivd fenes,
heman genamis DN A was olegved wWith aoveaetety of rostric-
tisn endonucieases and subjected fo Southern blot analysis
with v-erbB as probe. Under reduced airingency hybridiza-
tion, Your Sac I restriction fragments were detected. Two
were identificd as BEGE-R gene fragments by their amphifi-
cation in MDA-MB46S cells (Fig. 14, tanes 1 2nd 2} known
to contain FGP-R gens ampiification and one as an EREEBZ-
spectite gene fragment due to is increased signal intensity i
ERBE- -amplified SK-BR-3 cells (Fig. 14, lanes 1 and 3}
However, a singie 9-kbp Soc I fra.gmem exhibited sgual
signal intensities in normal human thymus, 4431, and SK-
ER-? DMNA (Fig. 14). When the bybadization siringency was
ised by :'E.., this fragment did oot nybridize, whereas
BB .md FREE2-specific resiriction fragments were siill
vateucd with v-¢rb8 as a probe {Fig. 18). Taekeu together,
these findings suggested the specific deteciion of auother
v-erbB-related DNA sequence within the 9-kbp Saer | frag-
ment.

For further characterization we prepared 2 normal human
genomic hbrary from See Icleaved thymus DNA entchsd
for & to 12-kbp fragmenis. Ten recombinant clones detected
by v-erbB under redu\ed stringency soaditions did oot hy-
bridize with human FOF-R or BERBEZ ¢DNA probes at nigh
stringency. As shows in the restriction mep of a repre-

Wi RAREI
data base 108 no I".{Z‘bbb},
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sentative clone with a 9-kbp insert, the region of v-erbff
nomology was localized by hybridization analysis t9 3 1.5-
ihp segrnent spanning from the EcoRIto the downsiream Pyt
I site. Nucleotide seguence anaiysis revealed that this region
contained three open reading frames bordersd by spii
jusction consensus seqoences (Fig. 2). The predicted amino
acid seguence of these three open reading frames revealed
the highest identity scoves of 64879 1o three regions that ars
continuous in the tyrosine kinase domaing of v-erb8, as well
as human EGE-R and BERBB? proteins. Furthermore, ail
spiicc junctions of the thres charasterized exons in the gene

were conserved with ERBE2. Amino acid seguence homol-
oy to other known tyrosine kinases was significantly lower,
ranging from 30-46%.

A single 6. 2-kb-specific mENA was identified by Northern
{EWA) blot analysis of human epithaelial cells by using the
130-base pair (bp) Spe Fdce [ exon-containing fragment as
probe (Fig. 2). Under the stringent bybridization conditons
used, this probe detected neither the S-kb EREBI mBMA nox
the & and 10-kb BGF-R mENAs (data not showni, Al of
these findings suggested that we had identified an additional
fapctinnal member of the ERBE protooncogene family,
which we teptatively designated as £8883.

Close Structural Similarity of the Predicied ERBB3 Protein
with Other ERBE Family Members. In an ¢ffort o charac-
terize the entire ZRBBI coding sequence, overlapping ¢DNA
clonzs were isolated from oligo{dT)- pmmd cDMA libraries
from sources with kuown ERBES expression, ulilizing gene-
specific genomic sxons or ¢IINA fragments as prabes, The
clones were initially characterized by restriction analysis and
hybridization to the mRNA and were subsequently subjecied
to nucleotide sequence analysis. The clones pH3-E, pH3-S,
pE3-11, and pE3-16 contained identical 3' ends terminating i
a poly{4a} sireich (Fig, 2

The complete coding seguence of EREAZ was contained
within a single long oper reading frame of 4080 nucleotides
extending from position 46 to an in-frame termination codon
at position 4126, The most upstream ATS codon at position

A ]
P2 3 T3 3

K.4

- BL

Fio. b Detection of veerhB-refated gene fragmenis in normal
human thvinus (am 1, MDA-MBESS (-BR-3 (ane 3.
DMAs weore rt‘e‘o: cted “mi sx 1 and aybrzi;zec Mih a9
erbB-
site in avian crythr b zxsimxs rmwral DNA '\'Z ) H:« mujsmncn was
conducted at reduced (4) or intermediaie (8) string‘ v eonditions.,
The arrow denotes a S-kbp E&BB-related restriction fragment dis-
tinet from those of BGF-R and ERBEZ.
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F16. 2. Genomie and ¢DRMA “3ning of FRER3. The region of
v-erb B homology within the gsnomic 9-kbp Sac Tinsert of Ae3-1 was
subcioned into pUC {ped-1} and subjected to nuclentide sequence
analysis. The three predicted exons are depicted as solid boxes.
ERBEZ ¢DMA clones were isoleted from normal human placsnia
{shaded bars) and MOP-? (open bar} oligoddTprimed Hbrarles. The
entire nucleotide sequence was determined for both strands on
BREB3 cDNA from normal human placenta and upstream of the 57
Xho ¥ site on pE3-16. The coding sequence fs shown as a solid bar,
’md qy-l‘ ¢ Juane L;om of the three characterized genom SXonS are
iines in the cBINA map
riction sites: &, Ace §; Av,
RY;, H, Hindill; K, Kpa §; M,
8, Fac §; Sm, Sme L; and Sp, Spe 1

TEHES
Ave 1, B, SomBl Bg, Rgf 1 B,
Myr FELP, Fer kL

100 was the likely mitiation codon, a3 3 was preceded by an
in-frame stop codon al m...i.eoi,uie position 43 and fuifilied
Kozak's criteria (26} for an autheniic initiation codon. The
open reading frame comprised 1342 codons, predicting a
148-kDa polypeptide. As shown n Fig, 3, the deduced amino
acid sequence of the ERBR3 polypeptide predicied a trans-
mernhrane receptor tvrosine Kinase most closely related o
BGE-R and ERBBI. A hvdrophobic signal seguence of
ERBE3 was predicted to comprise the 19 amino-lerminal
amino acid residues. Cleavage of this signal sequence be-
tween Gly-19 and Ser-20 would generate a processed poly-
peptide of 1323 amino acids with an estimated molecular
mass of 145 kDa. A single hvdrophobic membrane-spanning
domnn encorapassing 21 aminge acids was identified (Fig, 3.

The puiative BERBB3 Hgand-binding domain was 43% and
45% dentical o amino ackd residues with the pradicted
FRER2 and BEGF-R protein, respectively. Within the extra-
cehiular domain, all 50 cysteine residuss of the processed
FEBEB3 polvpeptide were conserved and similady spaced
when compared with the EGF-R and ERBB2. Foriy-seven
cystcime restdues were orgasized in two clusters containing
22 and 25 cvsteines, respectively, a siruciurai halimark of this
LYrosiog kinase receptor subfamily {2-4}, Ten potential N
iinked glycosviation sites were {omh ed within the ERER
extracellular domain, Is comparison with the EGFE-R and
ERBEB?2 profeins, five and two of these glycosylation sites
were ponserved, respectively. Among these, the site proxi-
mal to the iransmembrane domaln was c.omezvej ameng ail
three proteins (Fig. 3.
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Within the cvioplasmic domain, a core of 277 amino acids
from position 702-978 revealed the most axtensive hormology
with the tvrosine kinase domains of EGF-R and ERBE2. In
this region 80 or 62% of amine acid residues were identical and
90 or 885 were conserved, respectively. This stretch of aming

acid homology coincides with the minimal catalytic domain of

tyrosine kinases {1}, There was significantly lower homology
with other tvrosine kinases {Fip. 8. The conaensus sequence
for an ATP-binding site Gly-Xaa-Giy-Xaa-Xan-{3y (1} at
amiino acid position 716-721 as wel as a fysine residue located
31 amine acid residues farther carboxyi-terminal were cone
served between the three ERBB-related receptors. Taken
together, these findings defined the region betwaen aming acid
position 702 and 978 as the putative catabetic domaln of the
FRBBL protein {(Fig. 3).

The most divergent region of ERBB? compared with either
BEGF-R or ERBE2 was s carboxyl terninus, comprising 364
aminc actds. Tyrosine residuss at posinons 1187, 1199, and
1262 matched closest with the consensus sequence for puia-
tive phosphorylation sites (28). The peptide one-letfer se-
guence YEY MM, encoempassing Tyr-1397 and Tyr-119%, was
repeated at positions 1260-1264 and was 3¢ both locations
surrounded by charged residues. These observations render
Tyr-1397, Tyr-119%, and Tyr-1262 likely candidates for au-
tophosphorylation sites of the ERBRE3 protein.
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Proc. Nail, Acad. Sci. (/184 86 (1989} 9195

Chromosomai Mapping of Human ERBBI. We determined
the chromosomal location of the ERERI gene by in sity
hyvbridization (29} with 2 *H dabeled plasmid containing the
FRERY amino-dermingl ooding seqnence, A total of 114
human chromosoeme spreads were cxamined prior and sub-
sequent to G banding for identification of individual chro-
mosemes. One humdred forty-iwo grains were iocalized on a
403-band tdeogram. We observed spesific labehing of ch
wosome 12, where 38 out of 51 grains were localized to band
13 (daiz not shown}, Thus, the geaonmnic locus of ERBRT was
assigned 10 12¢13. In this region of chromosome 12, several
genes have previeusly been mapped including the melanoma-
associated antigen ME4BT (30}, histone genes (31} and the
gene for lactalbumin (32} In addition, two proiooncogenes,
INTE (33 and GLF (34), are located in close proximily
KRR

ERRA3 Fxpression in Normal and balizuant Human Cells.
To invesiigate s pattern of expression, we surveyed ¢ number
of human dssues for the BRBEI transcript. The 6.2-kb
ERBB3-specific mBNA was observed in term placenta, posi-
natal skin, stomach, fung, kdney, and brain, but & was aot
detectable i skin fibroblasts, skeletal muscle, or ymphoid
cells {data not shown), Among the fetal tissnes analyzed, the
EREP2 transcript was expressed i liver, kidney, snd brain
but not in fetal heart or embryonic iung fibroblasis. These

RN EAGREIAPRS EPRCLIMERE FRVEISNRLE LOLTLISRERS Fio, 3. (Upper) Predicted aming acid
1077 DERVTTTLSRR LOLPVRTING FRESOSLLGE 3 G NELSESCORER pr  sequence of the BRBED polypeptide (as de-

W PYSTESMERS CLASESSSE WOSTRRRIARE PNACHERGR SREPRERGRE AVHIURRELL
% o
PIAT DR | LANNRENENGRY MPDTHINGEY SSRESITLESY GLESVIATIE RRRONEIE

duced from the GenBank sequence MIVIGG}
and compartson with other receptor-fike ty-
rasine Kinases. The amino acid sequence is

0 SROBREESTES PPRVSSLERL GYRIMUVGED LUASLASTOS CRLERVEIME TASTIPUEDY  shown in singls-lettsr code and is pumbered
1261 WYMOIRURIGG PGEITANAG ACPASTOEYE TICHITNENSH DAPHVAYARL XTimsizaso  at feft. The putative exiracelhular domais

3337 SARTemDYWR SRLEPEANAG RT

{light shading} exiends between the pre-
dicted signal acguence (solid box) at the
amino {erminus and a single hydrophobic

somannense oxtraceliudar ¥ cytoplasntic \ transmembrane repion {sclid box) within the

§ .. 8 é@ TR 3§c polypept _je~ The putame A’i‘?«bmd:ag» :

at the amine terminus of the TK domain is

erhB-3 sircled. Poiential antophosphorylation sites
within the carboxyi-termiaal domain

B3 s Sl {COGH) are indicated by asterisks, Potential
erens i M-linked piycosyiafion sies {@&w ) ars
erbB/EGER AF ® marked above the aming acid seguence.
) . {Lower) The two cysteine clusters {Cys} in

et s fe extraceilulur domain and the predicted
eph “ v tyrosine kinsse domain (TK) within the oy-
toplasmic portion of the polypeptide are out-
18 22 - liced by darle shading. The percentage of
FrslCSFIR - w amino acid homology of ERBES in individ-

% IENTITY

ual domains with BREB2 (43, EGP-R (2},
MET (27, EPH (11}, insulin recepior {IR
(931, and FMS (3} is Hsted below. Lass than
169 identity is denoted by -.
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chservations tudicaled the preferential cxpression of the
ERBE3 transcript in epithelial tissues and brain,

We alao investigated ERER? expression in individual celf
populations in companson to BGP-R and BRBE2 transcripts.
As showan in Table 1, rBNA lovels of each were relatively
kigh in kevatinocytes and low but sinvilar in celis dertved from
glandular epithelium. These findings are consistent with
growth regulatory roles of all three receptor-like molecnles in
squamons ang glandular epithelinm, Whereas ERBEZ and
BEGF-R toanscripts were alse readily seern in normal fibro-
Blasts, the same cells acked defcctabic ERBR3 mEKA. In
contrast, normal buman melanocytes, which expressed both
ERBR3 and EEBRZ at levels comparable with harean kera-
tingoytes, lasked deteciable EOF-R taazsmprs Thas, the
expression patierns of these receptor-like molecuies were
different in specialized ccll populations derived from epider-
mal tissues.

The ERBE2 transcript was detected in 36 of 38 carcloomas
and 2 of 12 sarcomas, whereas 7 tumer cell Boes of hermaio-
poetic origin facked measueable BRBB3 mBNA. Markedly
slevated levels of a normal-sized transcript were observed in
4 of 17 tumor cell bHnes derived from human mammary
carcinomas. By Southers blot analysis, neither gross gene
TRAITANGERSH BOT ampliﬁcafion was detected in the cell lines

{data not shown}, Fig. 44 shows the resuits of Northers biot
m/z,ly sis with contrel ARZRL sonmalignant human mammary
epthelial colls (lane 1) and two ropresentative human mant-
mary tumor lnes, MDA-MB41S (ape 2} and MDA-MB4S3
(ianc 3). Hybridization of the same filter with 3 homan 8 actin
probe (Fig. 4B) verified levels of mBNA In cach lane.
Bensitornetric seauning indicated that the EREBE3 transcript
I each tumor cel] Hoe waa elevaied more than 180-Toid above
that of the controi cell Hine. Thus, overexpression of this third
raember of the ERBF family, as for the EGEF-R and #R73582
genes, may play an imporiant role {o some human malignan-
cies,

DESCUSSION

in the present report, we describe the identificabion of a third
raemiber of the £HRR/EGF receptor famly of membrane-
spanming tyrosine Kinases and the cloning of its full-dength
coding seguence. This gene, designated EREBS, encodes a
predicted protein with striking structueal similarities to other
members of this family. These features inchide overall size,
extraceular domain with twa signature cysteine chist»rs,
and its uninteroupted tyrosine k'masc domain, exhibiting with
81% and 839 significantly greater overall similarities {o
EGF-E and ERBBR2 producis than to anv other fyrosing
kinase. The structural relatedoess of is extraceliniar domain
with that of the EGE-R raises the possibility that one or more
of an increasing sumber of EGF-liks ligands (36) may interact
with the ERBB product

Distinet regions within the predicted FRBE? coding se-
guence revealad relatively higher degrees of divergence. For
example, its carboxyl :rminal domain faticd to exhibit sig-
nificant colinear identity scores with either ERBBZ or EGP-
. Within the tyrosine kinase domain, which represents the
most conserved region of the predicted ERBES proiein, &
short streich of 29 amine acids carboxvi-ierminal to the
ATP-binding site differed from regivns of the predicied
FREBRE? and BGEF-B coding sequence o 28 and 25 positions,
respectively. Such regions of higher divergence in their
cvtoplasmic domains may confer functional specificity o
these closely related receptor-like molecules.

Chromosomal mapping Iocalized EREBRZ 1o bwman chro-
maseme 12g13-13, whereas the related EGE-R and EREEZ
genss are located on chromosomes 7pi2-13 (37 and 17p12-
21.3 (3, 29}, rospectively. Thus, each appaars o localize 0
regions coofaining dif Efr:’ni respeciive hormeobox {38, 393
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Table 1. Nommal cxpression patters of human ERES gene
family membess

Befsitve transcript fevels

Source EREB3. ERBB2 BEGE-R
Embrvonic fibroblast (3426} + +
Skin fibroblast (5017 - +
Immortal keratinocyie (RHEK) i +
Primary keratinocyte (MUEK) + + 4
Glandular epithelium (AR3IEY) (+3 {+) {43

Melanooyte (INHEM) z‘ + + 4

Reglicate Morthern biots wers fybridized with egual pm‘w counts
of similar specific activity for ERBEI, ERBHZ, and EGF recepior,
respechively. Relative signal intensities were semiqua:suta ively os-
timated: —, not detectabie; {+), weskly positive; +, posilive; ++,
strongly positive.

and collagen gene (40) ioch, Keratin type 1 and type U genes
3lso map 1o regions of 12 and 17 {81, 42), consistent with
iccalization of ZRBAI and FRBBI, respectively.

Recent studies 1o Orosophiln have emphasized how critical
and multifunctivaal are developmental processes mediated
by Bgand-receptor interactions. An Increasing mumber of
Drosophile mutants with often varying phenotypes have now
been identified as being due 1o lesions in genes encodiag such
proteing {43, 44) including the Drosophila BGE-R homo-
logae, designated BER. 1418 aot yei known whether DER is
the Dmsophi}u connterpart of 8l three mamroabian £X88
genes. I so, functions assignes 1o DER may eveotually be
assoctated with ooe or more of the divergent mammalan
ERRER genes as well ag other fupciions that have evolved in
more complex memmaealian oTganisms,

There is evidence for antocrine (45, 468} as well a5 paraciioe
{18, 47} effectors of normal cell profiferation. Howsver, the
inherent transforming potential of auvtocrine growth factors
{48, 49} sugpests that growth factors most commonly 3¢t on
their target cell populations by 8 paraerine route. Our survey
of ERBES gone expression indicated its normal expression in
cellg of epithelial and neuroectodermal derivation. Compar-
alive anatysis of the three ERBE roceptor-like gemes in
different call types of epidermal tissue revealed thas kerati-
nocytes exprossed all three genes. In contrast, melanoovies
and stromal fibroblaste specifically lacked EGF-R and

A g8
1203 12 3

Fia. 4. Elevated ERBR3I franscript levels in human mammary
tumor cell lines. A Northemn blo! comaining 16 pg of total celhular
BNA from ABS8® mamsnary epihelial cells (lane 1), as welt as
MDA-MBALY 2) and MDA-MBAI3 (ane 3) manumary tumoy cell
lines was hybridized with an ERBB3 cDINA probe {4}, Af ignal
decay the same blot was rehybridized with a buman 8 actin CEINA
probe {353




1926 of 14295

Biochenstry: Krans ¢/ af.

ERBE3 transcripts, respectively. Thus, melanccytes and
stromal 8broblasts may be sources of paracrine growth
factors for FOF-R and ERBEI products, respeciively, that
are expressed by the other celi types residing in close
proximity in epidermal Hssues.

To date, both ERBB/FGTR and #RHH2 have boen causaily
implicated in human matignancy. EGF-R gens amplification
and/or overexpression B fumors has been demonstrated i
squamons cell carcinomas and glioblastomas {38}, ERBE2Z
amplification and/or vau‘pr\ ssion bas been observed in
huran breast and ovarian carcinomas (81, 52), and ERBE2
overexpression has been reporied 1o be an important prog-
nostic bdicator of particularty aggressive tamors {52}, Thus,
our present findings that the ERBEB3I transcripi 18 oversx-
pressed in a sigaificant fraction of human mamumary wmoer
cell lines raises the possibility that this new member of the
EEBB/BGF receptor family may aiso play an mportaut role
i some human malignancics.

We thank Dis. D, Roe, G, Kruh, and P, Finch for providing some
of the cellular RNA samples ased in the initial FRBST expression
analvsis.
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Antitumour activity of DX-8951f:
a new camptothecin derivative

Eiji Kumazawa & Akiko Tohgo

Daiichi Pharmaceutical Co. Lid., 16-13, Kita-Kasai I-Chome,
Edogawa-ku, Tokyo 134-8630, Japan

DX-8951f is 2 water-soluble camptothecin analogue with a unique hexacyc-
lic structure. Compared to other curment camptothecin derivatives,
DX-89511 is the most effective topoisomerase I (topo 1) inhibitor and has the
most potent Cyictoxic activity against various tumour cell lines i vitso, Of
particular interest is DX-8051Fs significant effect on certain tumour cell fines
resistant to other camptothecin dervatives, as well as on muli-drug
resistant variants that overezpress P-glycoprotein. In addition, in in vive
zenograft systems using nude mice, DX-8951f strongly inhibits the growth
of human solid tumours, including resistant tumours. Its antitumour effects
and resulting lfe prolongation in mumour-bearing mice have also been
confitmed  in several metastasis models. DX-B951f provides greater
therapeutic efficacy znd broader effective dose ranges using muliiple
infections than with a bolus injection and simple intermittent applications.
The in vivo effects of the compound are superior 10 those of CPT-11 and
SK&F104864, suggesting that DX-8951f is a promising therapeutic agent for
the treatment of cancer patients. Phase I clinical trials are ongoing in
Europe, the USA and Japan.

Keywords: antitumour activity, camptothecin derivative, DX-8851f,
preclinical studies :

Exp. Opin, fnvest. Drugs (1998) 7(4).625-632

1. Introduction

Camptothecin, isoclated from the plant Campiotheca acuminata,
demonstrates antiturnour activity by the inhibition of DINA topoisomerase 1
(topo D [1,2]. In spite of its activity against murine timours, this compound
has proven disappointing due both to its low response rate in clinical trials
and its significant and unpredictable toxicity [3,4]. Foliowing extensive

research into new camptothecin derivatives, CPT-11
(7-ethyi-16-{4-(1-piperidino)-1-piperidino] carbonyloxy- Ca.k.ptu'hegm
bydrocbloride trinydrate, Figure 1) and SK&F104864 (9-[(dimethyl-
ammo)methyi}—10—h‘ydmxy—(205_’)-~camptothecm, topotecan, Figure 1),
semi-synthetic water soluble derivatives were found to exhibit higher
antitumour activity with less toxicity than camptothecin, both 45 vitro and
in vivo [5-9]. Further clinical evaluation revealed that CPT-11 is a promising
agent for human cancers [10]. However, CPT-11 has been reported to
characteristically induce severe watery diarrhoea that is occasionaily
iifethreatening {111, In addition, interpatient variations in both its effects
and toxicity have been observed due to the fact that CPT-11 is a pro-drug
and is converted iz vive to the active metabolite, 7-ethyi- 1()—
hydrnxycamﬂio"heci'l (SMN-38, Figure 1) {7,12]. The clinical actvity and

to‘gcnty of CPT-11 strongly depend on its conversion to SN-38. SK&F104864

625

1898 © Ashley Publications Ltd. ISSN 1354-3784
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Figure I: Chemical structures of camptothecin analogues.
Empirical formula of the salt hydrate of each compound is
indicated in parentheses,
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has also been administered by several investigators
using a variety of regimens, with antitumour activity
reported in certain cancers [13,14,151

In order to obtzin a more effective analogue with
lower toxicity than the older camptothecin deriva-
tives, Daiichi synthesised many camptothecin
derivatives and finally obtained a novel, non-prodrug
water-soluble analogue, DX-8051f, (1599-1-amino-
Dethyl-S-fluoro-2,3-dihydro-9-hydroxy-4-methyl-1 5
12 H-benzoidélpyranol3”,4”:6,7}indolizina{l,2- 5]

quinocline-10,13(354 153 -dione  monomethancsulfo-
nate dihydrate (Figure §; [16,101D. This is a unique
hexacyclic compound with a fluoring substituent,
Camptothecin and other current derivatives, such as
CPT-11, SK&F104864, SN-38 and S-amino-
camptothecin (9-AC) are pentacyclic analogues. In
this paper, the s vitvo and i vdvo antitumour effects
of DX-8951f against varous human and murine
tumours, including certain drug-resistant variants, are
discussed.

2. Mode of action

Camptothecin and its derivatives have been shown to
irhibit topo 1 by stabilising the enzyme-DNA
cleavable complex 17,18, thereby inducing the lethal
impairment of cells through the strong inhibition of
DMA synthesis. Although the mechanisms of their
cvtotoxicity have not been precisely determined,
CPT-11 and 8N-38, like other anticancer agents were
reported to induce apoptotic cell death [19L
Compared to camptothecin, SN-38 and SK&F104864,
TIX-8951f is a far more potent topo §inhibitor [20}. This
inhibitory activity, as indicated by the ICs5p value in the
DNA relaxzation assay, was approximately 3- to
24-times as potent as that of other analogues. The
activity of DX-8951f in stabilising the DNA-topo [
cleavable complex was approximately 2.5-times and
S-times higher than that of SN-38 and SK&F104864,
respectively [21]. DX-8951, in addition t SN-38, has
been shown to induce apoptotic death. DNA fragmen-
tation, a process believed to be an outcome of cell
apoptosis, was dose-dependently induced by
DX-8251f, and this effect was more potent than that of
SN-38 [22]. These resulis indicate that DX-8951f has
the potential to induce apoptosis and that this seems
to be the major pathway by which the drug kills cells,
following topo I inhibition [22]

3. Celi-killing kinetics

Cancer chemotherapeutics can be categorised by their
cytocidal activity as either concentration-dependent
or time-dependent [23-25]. Concentration-dependent
agents exhibit strong cytotoxicity when theilr concen-
trations reach sufficient levels, even transiendly, but
are not cytocidal at lower levels, even following long
periods of exposure {[23]. By contrast,
time-dependeni-type  agents can exhibit significant
cytotoxicity following continuous, long-term
exposure at certain effective dose levels, but fail w

© Ashley Publications Ltd. All ﬁghts reserved.
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show activity with shortterm exposure, even al
higher concentrations [24]. In general, cycle-phase
nouspecific drugs, for example, anticancer antibiotics
and alkylating agents, belong to the concentration-
dependent category {231, and cydle-phase specific
agents, such as antimetabolites and Vinca alkaloids,
fall into the time-dependent category [24]. It has been
demonstrated that optimal dosing schedules for
different types of chemotherapeutic agents vary
depending on their cell-killing kinetics [235,26}
Cytocidal patterns (concentration-lethality curves and
exposure time-lethality curves) of DX-8951f were
similar to those of two typical time-dependent drugs,
5-fluorouracil and cvtarabine, and were quite
different from those of a typical concentration-
dependent agent, nimustine hydrochloride. Two
other camptothecin derivatives, SN-38 and
SK&YF104864, also exhibited timme-dependent
cytocidal patterns, The cytotoxic activity of DX-8951f
in this system, as indicated by MLCgs (the minimum
concentration causing 93% lethality), was 4 or 20
times greater than that of SN-38 or SKXF104864,
respectively [unpublished results]. It has been
conchuded that DX-8951f shows potent cytocidal
activity in a time-dependent manner.

4. fr vitro cytotexicity against a series of 32
malignant cell lines

he cytotoxic activity of DX-8251f was tested i vitro
and compared to that of camptothecin, SN-38 and
SK&F104864, using 31 human cancer ceil lines,
including breast cancer (9 lines), stomach cancer (4
lines), colon cancer (6 lines), lung cancer (9 lines),
leukaernia (2 lines) and ovarian cancer (1 line) and a
murine leukaemia cell line [20]. The cytotoxic activi-
ties of DX-8951f were stronger than those of other
campiothecin derivatives examined and showed the
smallest Glsg values (drug concentrations at which
cell protiferation is inhibited by 50%) against all of the
32 cell lines used {20} Comparing the mean Glgg
values of the compounds against all cell lines,
DX-8951f was approximately 6 times as potent as
SN-38 and about 28 times as potent as SK&F104864
{20].

A comparative study of molecular and cellular
pharmacology by Tanizawa ef ai, revealed that SN-38
is the most potent compound among the varicus
caraptothecin derivatives, inchuding those previously
and presently evaluated in clinical trials [18]. These

researchers demonstrated that SN-38 is superior to
camptothecin, SK&FL04864, ¢-AC, 10-hydroxy-
camptothecin and 10,11-methylenedioxy-
camptothecin (MDOG-CPT) in the formation and
stabilisation of cleavable complexes, inhibition of
topo 1, DNA-damaging effect and resulting cytotoxic
activity [18]. Due to the supedority of DX-8951f in
relation to SN-38 in topo I inhibition, apoptosis
induction and cytotoxicity, it has been concluded that
DX-8951f is by far the most active camptortbecin
derivative currently available {221

8. In vifre cytotoxicity against drug-resistant
variants

The developraoent of resistancs to antitumour agents is
the main cause of reatment faiflure in cancer patients;
it is therefore impostant to evaluate the efficacy of
drugs on several types of drug-resistant wumour cells.
Multi-drug resistance mediated by P-glycoprotein, a
plasma membrane protein playing an important role
as a drug efflux pump, is known to be one of the
typical mechanisms of drug resistance [27-291
Camptothecin and {ts derivatives are comparatively
iess affected by P-glycoprotein, but SK&F104864 is
reported 1o be subject to this type of resistance {30,311
In addition, several kinds of reststance mechanisms in
CPT-11-resistart tumeour cells have been reported
[12,32-37], including a decrease in the callular levels
and/or in activitdes of topo I {12,33,34], alteration in
topo I gene [35], a low population of S-phase celis {12],
a decrease in the activity of intracelular carboxyles-
terase {12,37] and a decrease in drug accumulation
{361,

A human oat cell carcinoma, PC-6, and its variants,
PC-6/VOR29-2 and PC-6/8N2-5, were used to evaluate
the astitumour effect of DX-8951f on ceriain
drug-resistant cell lines [20,21]. PC-6/VCR29-9 and
PC-6/8N2-5% were obtained by a stepwise selection
procedure with sequential increases in concentrations
of vincristine (VCR), and SN-38, respectively.
PC-6/VCR29-9 cells overexpress P-glycoprotein and
are approximately a 1000-times more resistant to VCR
than parental PC-6 cells. Cross-resistance to
adriamycin, methotrexate and etoposide has been
confirmed in this variant, The cells also demonstrated
a slight resistance to SN-38 and SK&F104864 (degree
of resistance was 2- or 3-fold), but no resistance to
DX-8951f [20]. On the other hand, PC-6/SN2-5 cells do
not express P-glycoprotein and show no cross-

@ Aéh’l@y Publications Ltd. Al rights veserved.
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resistance to non-campiothecin-type chemothera-
peutics, except for mitoxantrone [21]. The cells were
resistant to SN-38 (32-fold) and SK&F104864 (14-fold),
but barely resistant to DX-8951f (2-fokd) {21]. Topo I
protein levels and topo I activities of parental celis
were similar to those of resistant cells. The determina-
tion of the cellular drug concentration by either
flow-cytometric analysis or HPLC confirmed that the
cellular accumulation of SN-38 and SK&F104864 was
significantly reduced in PC-H/SMN2-5 cells, whereas
that of [X-8951f was only slightly reduced {211
Furthermore, DX-8951f stabilised the cleavable
commplex formations in infact PC-6/8N2-5 cells, as well
as in parental cells, but SN-38 and 8K&F104864 had no
effect in the resistant cells [21], These data suggest that
PC-6/8N2Z-5 cells may have acquired resistance o
camptothecin analogues by a decrease in intraceliuiar
drug accurnulation and that DX-8951f may have the
potency to overcome such a fype of resistance
mechanism induced by campiothecin compounds.

Strpilar results were obtained in another sedes of
experiments using human pancreatic cancer cell lines,
SUTT-2, XP-1IN and their CPT-1l-resistant variants,
SUIT-2/CPT-11 and XP-IN/CPT-11 [22]. In these
resistant varants, reduced levels of topo I mRNA and
protein may contribute to the mechanism of resistance
[32]. A one-third decrease in the uptake of CPT-11 was
also found in KP-IN/CPFT-11 compared with its
parental cell line, while no difference in the uptake of
CPT-11 was detected between SUIT-2 and
SUTT-2/CPT-11 {32]. The acquired-CPT-11 resistant
cells also showed marked cross-resistance to SN-38
and SK&F104864, but less resistance to DX-8951f,
with the resistance rates to DX-8%951f being the lowest
among current camptothecin derivatives {22]

The reason why DX-89351f shows sufficient antitu-
mour activity against the above resistant cells is
presently unclear, but it is possible that its uptake is
not influenced even in resistant cells. This idea scems
to be supporied by the previously described finding
that DX-B951f overcame PF-glycoprotein-mediated
resistance {201 and that this effect might be auributed
to its good mémbrane permeability 1381 Further
detailed analysis is required.

6. Administration regimens and therapeutic
ratios

As previously described, it has been shown that
optiral dosing schedules for different types of

chemotherapeutic agents vary depending on their
cell-killing kinetics, and it is guite clear that optimal
scheduling is an important key for therapeutic
success, CPT-11 has been evaluated in clinical trials in
Japan, Burope and the USA with different treatment
regimens: daily administration for several consecutive
days, every 3 to 4 weeks {11}, or one dose every 1 -3
weeks [39]. The latier has commonly been adopted as
the clinical treatment regimen against solid tamours as
CPT-11 is converted in vivo 1o SN-38 {7,12] and the
plasma S§N-38 concentration decreases slowly in mice
and humans [40,41]. SK&F104864, a non-prodrug-
type derivative, has been studied using daily dosing
regimens for 5 consecutive days {42}, or low-dose
continuous infusions for 24 h - 21 days [453-46]. The
results of these studies suggest that the optimal
regimen and dosage for campiothecin derivaiives
differs greatly among the compounds, probably due
to differences in their pharmacokinetic profiles.

The therapeutic efficacy of X-8951f was investigated
against the murine fibrosarcoma, Meth A, using
varous iv. doses. The purpose of this study was fo
determine the optiroal regimen for the administration
of this compound. When the total dose was fixed,
DXK-8951f demonstrated greater antitumour activity
with daily or intermittent administration (such as
every 2nd day or every 4th day for 4 treatments) than
with single dose admindstration {47]. Shorter intervals
between injections resulted in greater efficacy and
toxicity (body weight loss and toxic death) [47].
DX-8951f exhibited higher therapeutic efficacy with
an infusion-like administration (3 injections per day at
intervals of 3 - 4 h) than with a bolus injection
funpublished results]. In addition, rather than a simple
intermittenit application, such as once daily every 4th
day (q4dx4), muitiple administrations (such as 4
cycles of 3 injections per day every 4th day:
g3hx3/q4dx4, and 4 cycles of daily injections for 2
days every 4 days: qdx2/qddx4) resulted in greater
antitumour effects of X-89%1f, with broader effective
dose ranges {unpublished results]. The efficacy of
DX-8951f was superior w that of either CPT-11 and
SK&F104864 with multiple administration;
therapeutic ratios (ratios calcalated as maximum
tolerated dose/the minimum effective dose) of
DY-8951f were 16, while those of CPT-11 and
SK&F104864 were 1 or < 1, and 2 - 6, respectively
[unpublished results]. Therefore, nultiple administra-
tions followed by recovery periods are recomimended
as the optiroal regimen for the clinical application of
¥K-8951f.

© Ashiey Publications Ltd, All rights reserved.
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