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DECLARATION OF MARK X. SLIWKOWSKI. Ph.D,

I, MARK X. SLIWKOWSKI, Ph.D. declare and say as follows: -

1. I obtained a B.S. in Animal Science and Agricultural Biochemistry from the
University of Delaware, a Ph.D. in Biochemistry with minor in Physical Chemistry from North
Carolina State University, and completed postdoctoral training at the National Institutes of
Health, National Heart, Lung and Blood Institute, Laboratory of Biochemisiry.

2. After six years of research experience at Triton Biosciences, Inc. (Berlex
Biosciences, Inc.), I joined Genentech, Inc. in 1991 as a senior scientist, where my current title is

Senior Staff Scientist, Research Oncology.

3. During my employment at Genentech, I have worked on a number of programs
involving drugs directed against the human epidermal growth factor receptor family (also known
as the HER or ErbB family). Members of the ErbB family are frequently activated in a number
of proliferative diseases including cancer. Along with colleagues at Genentech, I have studied
various aspects of the EibB receptor activation process including the biochemical nature of the
receptor complexes, the activation of signal transduction pathways, and the resultant biological
outcomes. Our studies have also focused on research toward the development of ErbB inhibitors
for treating proliferative disorders such as cancer, as well as the elucidation of the molecular
mechanisms by which such inhibitors act. Our investigations and those of my predecessors at

Genentech have contributed to the development of a number of therapeulic approaches that
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target the ErbB receptor family, including the anti-ErbB2 antibody trastuzumab, which is
marketed under the tradename Herceptin®. Working closely with other groups at Genentech and
in collaboration with ImmunoGen, Inc., we have also developed T-DM1, a therapeutic
immunoconjugate in which trastuzumab is conjugaied to the cytotoxic maytansinoid “DM1” for

the treatment of tumors that express ErbB2.

4. My Scientific Curriculum Vitae, including my list of publications, i)atents,
pending patent applications, and awards, is enclosed as Exhibit A and forms part of this

Declaration.

5. I am familiar with and understand the disclosure of the above-identified patent
application and the pending claims, including the new claims added concurrently with filing the
present Declaration. Independent Claim 40 is directed to an immunoconjugate comprising the
humanized anti-ErbB2 antibody huMAb4D)5-8 conjugated to a maytansinoid. The antibody
huM Ab4ID5-8 is the same antibody as trastuzumab and is a humanized form of the mouse
monoclonal antibody “4D5.” (See the above-identified patent application at page 61, para.
[0216].) All other claims depend, directly or indirectly, from claim 40. Iam also familiar with
and understand the Office Action mailed on June 8™ 2010, in connection with the above-

identified patent application, and the references cited in that Office Action.

, 6. According to the Office Action, the claimed invention would have been obvious
to one of ordinary skill in the art at the time the invention was made over the combination of U.S.
Patent No. 5,208,020 (referred to hereinafter as “Chari et al.”) and U.S. Patent No. 6,054,297
(referred to hereinafter as “Carter et al.”). Chari et al. allegedly teach a composition comprising
one or more maytansinoids (col. 6-8) linked to a monoclonal antibody or antibody fragment,
where the monoclonal aﬁtibody 1s selective for tumor cell antigens. Carter is cited for disclosing
humanized 4D5 antibodies, including huMAb4D5-8, and for allegedly teaching that the
humanized 4D5 antibodies may be used as immunotoxins, conjugated with a cytotoxic moiety
(col. 44). The Examiner recognizes that Chari et al. do not teach an anti-ErbB2 antibody
conjugated to a maytansinoid, let alone conjugates comprising the specific humanized anti-
ErbB2 antibody, huMAb4D5-8, conjugated to a maytansinoid. The finding of obviousness is

based on the assertion that one of ordinary skill would have been motivated to make the claimed
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antibody-maytansinoid conjugates because such conjugates fall within the scope of the
immunotoxins of Carter et al. and because Carter et al. teach that ErbB2 is amplified or

overexpressed in human malignancies.

7. The conclusion drawn by the Examiner from the combined disclosures of Chari et
al. and Carter et al. disregards a large body of additional relevant knowledge in the pertinent art

at the time the present invention was made, and is therefore incorrect.

8. As it is recognized in the Office Action, at the time the present invention was
made it was known that ErbB2 (also known as HER?2) is amplified and overexpressed in breast
and ovarian cancers, and such overexpression is correlated with poor prognosis. (See Carter et al.
and application at page 2, para. [0006].) HER2 was also known to be overexpressed in a number
of other carcinomas. (Id.) It was also known that HER2 is expressed in normal tissues at levels
similar to those found in non-HER2-amplified, non-HER2-overexpressing breast cancers and
breast cancer cell lines. For example, HER-2 protein was identified on cell membranes of
normal epithelial cells in the gastro-intestinal, respiratory, reproductive, and urinary tract as well
as in the skin, breast and placenta, demonstrating that HER2 is normally a membrane constituent
of a variety of epithelial cell types. (See abstract, Press et al., Oncogene 5(7):953-62, 1990 -
Exhibit B.) '

9. The Office Action also recognizes that at the time the present invention was made
huMAb4D5-8 (marketed under the tradename Herceptin®) was known (see, Carter et al. cited in
the Office Action). Indeed, Herceptin® was approved by the FDA in 1998 (well pdor to the
March 16, 2000 priority date of this application) for the treatment of metastatic HER2-
overexpressing breast cancer, either as an initial treatment in combination with chemotherapy
(paclitaxel), or as a'monotherapy after prior treatmeﬁt with chemotherapy. Herceptin® was later
approved in 2006 as part of a multi-agent regimen for the adjuvant (post-surgical) treatment of
HER2-overexpressing breast cancer. In 2008, Herceptin® received further approvals from the
DA for treatmeﬂt in the adjuvant setting. Although Herceptin® is a breakthrough in the
treatment of HER2-overexpressing breast cancer, most patients treated with Herceptin® in the
metastatic setting relapsed after experiencing a period of clinical benefit. (See application, page
5, para. [0014].)
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10. At the time the present invention was made, maytansinoids were also known as a
family of cytotoxic molecules that include maytansine and its derivative DM1. Before the
priority date of the present application, it was reported that maytansine acts as a very potent
mitotic inhibitor by inhibiting microtubule polymerization. (See, Rao et al., Cancer Research
39:3152-3155, 1979 — Exhibit C; and Remillard et al., Science 189:1002-1005, 1975 — Exhibit
D.) Microtubules are necessary for segregation of chromosomes during mitosis, and disruption
of microtubules blocks mitosis, thereby inhibiting cell proliferation. Treatment of human cells in
vitro with maytansine was reported to result in up to approximately 75% of cells accumulating in
mitosis, depending on the concentration of maytansine and duration of exposure. (See Exhibit C,
e.g., Chart 1.) Indeed, it was reported that sensitivity of cells to the cytotoxic effect of
maytansine was cell cycle-dependent, with cells synchronized in G1 being the most resistant to
maytansine. (See Exhibit C, e.g., abstract and page 3155, col. 1, last para.) Thus, it was known
before the priority date that maytansine and related maytansinoids, such as DM1, were cytotoxic

agents that exerted their cytotoxic effects during M-phase mitosis.

11. However, m addition to the state of the art knowledge detailed in paragraphs 8-10,
at the time the present invention was made one of ordinary skill in the art would have been also
aware of studies into the mechanism of action of the antibody 4D5. Those studies demonstrated
that 4D5 is cytostatic (not cytotoxic), meaning that 4D5 acts on tumors expressing ErbB2 by
arresting the cell cycle. The enclosed article by Lewis et al. (Cancer Research 56:1457-1465,
1996 — Exhibit E) shows that 4D5 has a cytostatic effect, and in particular, it reduces the number
of S-phase cells, thus suggesting that 4D5 causes a GO/G1 block. (See Lewis, e.g., at page 1460, |
column 2, lines 11-13; page 1461, column 1, to 1462, column 2, 1st paragraph; Figure 5; and
page 1464, lines 32-33.) Those findings were consistent with earlier studies reporting that 4D5
had a cytostatic, anti-proliferative effect in vitro on SK-BR-3 cells grown in monolayer, and 4D5
completely suppressed colony formation by SK-BR-3 cells in soft agar. (See Hudziak et al.,
Molecular and Cellular Biology 9(3):1165-1172, 1989 — Exhibit F, e.g., at page 1168, col. 2,
through page 1169, col. 1; and page 1171, col. 1, para. 3) Taken together, tﬁose findings
indicated that 4D5, and therefore huM Ab4D5-8, act at least in part by arresting breast cancer
cells in the GO/G1 phase of the cell cycle, which precedes the subsequent S, G2 and M (mitosis)
phases of the cell cycle. Those findings, which were made before the priority date of the present

application, were subsequently confirmed after the priority date by Lane et al., who reported that
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4D5 arrested 96% of BT474 cells, a breast carcinoma cell line that overexpresses HER2, in the
G1 phase of the cell cycle. (See Lane et al., Molecular and Cellular Biology, 20(9):3210-3223,
2000 — Exhibit G, e.g., at page 3214, col. 2.)

12. Thus, it was known well before the present invention was made that the cytostatic
mechanism of the 4D5 antibody and, consequently, humanized huMab4D5-8, works in
opposition to the cytotoxic mechanism of maytansinoids, which inhibit mitosis by inhibiting
microtubule polymerization, and therefore require cells to be proliferating in order to act.
Accordingly, contrary to the Office Action, at the time the present invention was made, one of
skill in the art would not have been motivated to select huMAb4D5-8 as a humanized anti-HER2
antibody for conjugation o a maytansinoid, such as DM, since it would have expected that
huMAb4D35-8 would arrest cancer cells in the pre-mitotic G0/G1 phase of the cell cycle before
DM1 would even have the opportunity to act. Therefore, based on the seemingly incompatible
mechanisms of huMAb4D5-8 and DM, one skilled in the art at the time the present invention
was made would have expected huMAb4D5-8 to oppose and possibly prevent the effects of
DM, if those two agents were linked together in an immunoconjugate. Indeed, recent data from
my laboratory here at Genentech demonstrate that huMAb4D5-8 retains all of its biological

mechanisms of action, including its cytostatic activity, when conjugated to DM1.

13. Moreover, before the priority date, the utility of immunoconjugates was often
limited dué to the expression of the targeted antigen on normal as well as cancerous cells, even
where the antigen was expressed at higher levels on cancerous cells relative to normal cells. For
example, Trail and Bianchi cautioned that “[i]t is therefore necessary to balance the relative
selectivity of the MAb [i.e., the selectivity of the targeting monoclonal antibody for cancerous
cells over normal cells] with the potency of the agent delivered.” (See Trail and Bianchi, Current
Opinion in Immunology 11:584-588, 1999 — Exhibit H, page 584, col. 1, para. 2.) If that balance
is not achieved, e.g., if a potent cytotoxic agent exerts its effect on too many normal cells, then
toxicity may result. Trail and Bianchi further cautioned that “[t]he use of extremely toxic drugs
requires careful MAb [monoclonal antibody] selection as evern low levels of expression of the
targeted antigen by normal cells may lead to significant toxicity.” (Exhibit H, page 585, col. 1,
para. 1, emphasis added.)
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14. Accordingly, even if huMAb4D5-8 had not negated the cytotoxicity of DM1 (an
outcome which would not have been expected), it would nonetheless have been unpredictable as
to whether a huMAb4D5-8—DM1 immunconjugate would have achieved an appropriate balance
between antibody selectivity (i.e., for cancerous cells versus normal cells) and potency of the
cytotoxic agent. HER2 is expressed on normal cells as well as being overexpressed on certain
breast cancer cells and other cancer cells. Therefore, even if DM1 exerted its cytotoxicity
notwithstanding its being conjugated to huMAb4D5-8, it would have been unpredictable whether
such an immunoconjugate would have been unacceptably toxic due to delivery of DM to
normal cells expressing HER2. The present application addresses this unpredictability, reporting
that “HERCEPTIN®-DM1I does not kill normal human cells, indicating a selective activity,”
based on studies in which “[tThe effect of various concentrations of HERCEPTIN®-DM]1 on
hummman [sic, human] mammary epithelial cells, human hepatocytes and human small airway
epithelial cells was investigated.” (Application at pages 65-66, para. [0229], emphasis added.) I
have personal knowledge of those studies, and I confirm that the human cells used in those
studies expressed HER2 at levels similar to those found in non-HER2-amplified, non-HER2-
overexpressing breast cancers and breast cancer cell lines, consistent with the observations of
. Press et al. (Exhibit B). At the time the invention was made, it would have been expected that
the level of HER2 expression on normal cells would lead to unacceptable cytotoxic side-effects
for such an immunoconjugate. However, surprisingly, we found that this was not the case.
Moreover, the present application reports extensive dose-response studies in a novel mouse
model for HER2 non-responsive breast cancer, concluding that “[tThe fact that the effect of
HERCEPTIN®-DMI is dose-dependent suggests that in an actual clinical setting, the strategy is
likely to provide a considerable maneuver of doses to achieve the best anti-tumor activity.” (Sec
application at page 69, para. [0237].) Those findings enhanced the likelihood that a therapeutic
window could be achieved and that toxicity in a clinical setting could be managed. Thus, even if
huMAb4D35-8 did not negate the cytotoxicity of DM1 (an outcome which would not have been
predicted), the present application addresses the unpredictability in the art as to whether a
huMAb4D5-8—DM1 immunoconjugate would have struck an appropriate balance between

antibody selectivity and potency of the cytotoxic agent.

PHIGENIX
Exhibit 1028-06



15.  On the basis of the explanations set forth in this Declaration and the enclosed
evidence, it is my considered scientific opinion that at the time the present invention was made
one of ordinary skill in the art would have expected huMAb4D3-8 to oppose the action of a
maytansinoid such as DM1 and therefore would not have been motivated to select huMAb4D5-8
as a humanized anti-HER2 antibody for conjugation to a maytansinoid, nor would it have been at
all predictable that a huMAb4D5-8—maytansinoid conjugate would effectively and safely treat

HER2 overexpressing cancer with a reasonable expectation of success.

16. I declare further that all statements made in this Declaration of my own
knowledge are true and that all statements made on information and belief are believed to be true
and further, that these statements are made with the knowledge that willful statements and the
like so made are punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of
the United States Code and that such willful false statements may jeopardize the validity of the

application or any patent granted thereon.

Dated:%ﬁég 47, W

MARK X. SLIWKOWSKI, Ph.D.
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EXHIBIT A
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MARK X. SLIWKOWSKI

Genentech, Inc. Home

Research Oncology . 42 Oak Creek Lane

1 DNA Way, MS 72 Room 10.489 San Carlos, CA 94070
South San Francisco, CA 94080 650/364-8217
650/225-1247 Ph.

650/438-4759 Cell

650/225-5770Fax
marks@gene.com

EDUCATION

National Institutes of Health (1982-1985)
National Heart, Lung and Blood Institute, Laboratory of Biochemistry
Staff Fellow with Dr. Thressa C. Stadtman

North Carolina State University (1978-1981)
Ph.D. in Biochemistry with minor in Physical Chemistry
Advisor: Dr. Harold E. Swaisgood

University of Delaware (1972-1976)
B.S. in Animal Science and Agricultural Biochemistry (Pre-Vet)

EXPERIENCE
GENENTECH, INC.

Staff Scientist ' 2002-present

HER3-EGFR Dual Antibody Project (DAF) (2006-present) Late Stage Research Team Leader
responsible for moving project into Early Clinical Development (ECD). Current member of ECD
core team. : :

Armed Antibody Program (2003-present) Lead multi-disciplinary research and development-team
efforts to assess arming monoclonal with cytotoxic agents. Served as' the major Haison in
coordinating collaboration with outside companies.

Trastuzumab-DM1 Program (2004) Research team leader and early development team Ieaaer.
Considered prototype for armed antibody platform. Current member of T-DM1 core team.
Participate in development program.

Director 2003-2008

Formed Translational Oncology Department. Managed expansive growth from 2004-2007, including
small molecule expertise. Managed Director of Assay & Automation Technology from 2005-2007.

Senior Scientist ’ 1991-2001
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MARK X. SLIWKOWSKI Curriculum Vitae
Page 2

Heregulin (1991-1996) Participated in the initial characterization of heréguh'n. Helped define a role
for HER2/ErbB2 as a co-receptor with HER3, HER4 and EGFR.

HERCEPTIN® (1993-present) Member of the core project team throughout Phase II and Phase III
clinical development. Responsibilities included studies on the development of an in vitro diagnostic
assay, mechanism of action, mechanism of cardiotoxicity, coordinating biological and biochemical
assays, obtaining data to support new clinical indications and designing studies to test novel
chemotherapeutic combinations. Also responsible for managing all extramural research activities.

Pertuzumab (1997-present) As part of our heregulin studies, recognized the potential of blocking

" ligand-activated HER2 as an anti-cancer therapy. Led research and developmental research teams. .
Participated on developmental assessment team that resulted in thuMAb 2C4/pertuzumab being
moved into development in August 2000. Helped facilitate Roche decision to co-develop rhuMADb
2C4. Currently lead research effort and serve on pertuzumab core team.

Tarceva®(2000-2007) One of several Genentech employees that encouraged Business Development
to pursue in-licensing OSI-774. Participated in due diligence team. Led research effort on Tarceva
and serve on Tarceva core team.

Triton Biosciences, Inc. (Berlex Biosciences, Inc.)

Staff Scientist 1990 - 1991
Initiated a program for the identification and isolation of ligands for receptor tyrosine kinases.
Participated in project to establish structure-activity relationship for TGFo. Supervised protein and
peptide chemistry laboratories consisting of 2 scientists and 5 research associates.

Senior Research Scientist 1987 - 1990
Project Leader for development stage of HTLV-1 program. (Interdisciplinary team consisting of 3
scientists and 8 research associates.) Developed folding procedure for TGFa. Collaborated
extensively with Immunology group on projects involving differentiation and cytotoxicity.

Research Scientist . 1985 - 1987
One of the first bench scientists hired. Established protein chemistry laboratory purified
recombinant retroviral proteins for development of diagnostic viral immunoassay.

NIH Postdoctoral Position 1982 - 1985
Studied mechanisms by which selenium is incorporated into bacterial proteins. Purified several
selenium-containing proteins and gained extensive experience in peptide mapping.

AWARDS

Genentech Inc. Outstanding Commercial Collaborator Award, 2008

North Carolina State University Outstanding Alumni Award, 2008

Genentech Inc. Most Commercially Significant Patent Award, 2007 (Patent No. 7,097,840)
Genentech Inc. Most Commercially Significant Patent Award, 2006 (Patent No. 6,949,245)
Industry Scientist of the Year, Pharmaceutical Achievement Award, 2005

Triton R&D Award, 1989

Industrial Initiative for Science and Math Education Award, 1989

American Society of Biological Chemistry Travel Grant, 1985

Phi Lambda Upsilon Chemistry Honor Society, 1981

Gamma Delta Sigma Agricultural Honor Society, 1981
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MARK X. SLIWKOWSXKI Curriculum Vitae
Page 3

Outstanding Graduate Student Teaching Award , 1979

PROFESSIONAL AFFILIATIONS

American Society of Clinical Oncology
American Association for Cancer Research
American Society for Biochemistry and Molecular Biology

INVITED PRESENTATIONS (SINCE- 2006)

Van Andel Research Institute, Grand Rapids, June 2009
Keystone Symposium, Whistler, BC, March 2009
Buropean Antibody Congress, Geneva, December 2008
Istituto Nazionale Tumori of Milan, April 2008
Oncology Leaders’ Forum Boston, November 2007
ASTRO Los Angeles, October 2007 ’
. FASEB Symposium, Tucson, August 2007
ESMO Congress, Istanbul, Turkey October 2006
Congress of the International Assoc. for Breast Cancer Research, Montreal September 2006
SPORE Breast Cancer Workshop, Baltimore, July 2006
Stanford University May 2006
Chair of New Biological Agents on the Horizon AACR Annual Meeting, Washington DC, April 2006
Conference on Obstacles to Translational Medicine, San Francisco, March 2006
Vanderbilt University, January 2006

PEER REVIEW ACTIVITIES

Department of Defense Breast Cancer Program
Nature ad hoc

Oncogene ad hoc

Cancer Research ad hoc

Clinical Cancer Research ad hoc

Cancer Cell ad hoc
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MARK X. SLIWKOWSKI Curriculum Vitae
Page4

PUBLICATIONS

1. Yao E, Zhou W, Lee-Hoeflich ST, Truong T, Haverty PM, Eastham-Anderson J, Lewin-Koh N, Gunter
B, Belvin M, Murray LJ, Friedman LS, Sliwkowski MX, Hoeflich KP. Suppression of HER2/HER3-
mediated growth of breast cancer cells with combinations of GDC-0941 PI3K inhibitor, trastuzumab, and
pertuzumab. Clin Cancer Res 2009;15:4147-56.

2. Polson AG, Sliwkowski MX. Toward an effective targeted chemotherapy for multiple myeloma. Clin
Cancer Res 2009;15:3906-7. ‘

3. Makhija S, Amler LC, Glenn D, Ueland FR, Gold M, Dizon DS, Paton V, Lin C-Y, Januario T, Ng K,
Strauss A, Kelsey SM, Sliwkowski MX, Matulonis U. Clinical activity of gemcitabine plus pertuzumab
in platinum-resistant ovarian cancer, fallopian tube, or primary peritoneal cancer: low mRNA expression
of the HER2-coreceptor HER3 may be predictive of pertuzumab activity. J Clin Oncol 2009 ;in press.

4, Krop IE, Beeram M, Modi S, Holden SN, Yu W, Girish S, Tibbitts J, Yi J-H, Sliwkowski MX, Jacobson
FS, Lutzker SG, Burris HA. A Phase I Study of Trastuzumab-DMI, HER2 Antibody-Drug Conjugate,
Given Every 3 Weeks to Patients with HER2+ Metastatic Breast Cancer J Clin Oncol 2009; to be
submitted.

5. Junttila TT, Parsons K, Olsson C, Lu Y, Xin Y, Theriault J, Meng G, Totpal K, Kelley RF, Sliwkowski
MX. Superior in vivo efficacy of afucosylated trastuzumab in the treatment of HER2 amplified breast
cancer. to be submitted 2009.

6. Tunttila TT, Akita RW, Parsons K, Fields C, Lewis Phillips GD, Friedman LS, Sampath D, Sliwkowski
MX. Ligand-independent HER2/HER3/PI3K complex is disrupted by trastuzumab and is effectively
inhibited by the PI3K inhibitor GDC-0941. Cancer Cell 2009;15:429-40.

7. Hollmen M, Maatta JA, Bald L, Sliwkowski MX, Elenius K. Suppression of breast cancer cell growth by
a monoclonal antibody targeting cleavable ErbB4 isoforms. Oncogene 2009;28:1309-19.

8. Lewis Phillips GD, Li G, Dugger DL, Crocker LM, Parsons KL, Mai E, Blattler WA, Lambert IM, Chari
RV, Lutz RJ, Wong WL, Jacobson FS, Koeppen H, Schwall RH, Kenkare-Mitra SR, Spencer SD,
Sliwkowski MX. Targeting HER2-positive breast cancer with trastuzumab-DMI, an antibody-cytotoxic
drug conjugate. Cancer Res 2008;68:9280-90. : ‘

9. Lee-Hoeflich ST, Crocker L, Yao E, Pham T, Munroe X, Hoeflich KP, Sliwkowski MX, Stern HM. A
central role for HER3 in HER2-amplified breast cancer: implications for targeted therapy. Cancer Res
2008;68:5878-87. ‘

10. Junutula JR, Raab H, Clark S, Bhakta S, Leipold DD, Weir S, Chen Y, Simpson M, Tsai SP, Dennis MS,
Lu Y, Meng YG, Ng C, Yang J, Lee CC, Duenas E, Gorrell J, Katta V, Kim A, McDorman K, Flagella
K, Venook R, Ross S, Spencer SD, Lee Wong W, Lowman HB, Vandlen R, Sliwkowski MX, Scheller
RH, Polakis P, Mallet W. Site-specific conjugation of a cytotoxic drug to an antibody improves the
therapeutic index. Nat Biotechnol 2008;26:925-32.

11 Carey KD, Garton AJ, Romero MS, Kahler I, Thomson S, Ross S, Park F, Haley JD, Gibson N,
Sliwkowski MX. Kinetic analysis of epidermal growth factor receptor somatic mutant proteins shows
increased sensitivity to the epidermal growth factor receptor tyrosine kinase inhibitor, erlotinib. Cancer
Res 2006;66:8163-71.
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13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Page 5

Adams CW, Allison DE, Flagella K, Presta L, Clarke J, Dybdal N, McKeever K, Sliwkowski MX.
Humanization of a recombinant monoclonal antibody to ‘produce a therapeutic HER dimerization
inhibitor, pertuzumab. Cancer Immunol Immunother 2006;55:717-27.

Agus DB, Gordon MS, Taylor C, Natale RB, Karlan B, Mendelson DS, Press MF, Allison DE,
Sliwkowski MX, Lieberman G, Kelsey SM, Fyfe G. Phase I clinical study of pertuzumab, a novel HER
dimerization inhibitor, in patients with advanced cancer. J Clin Oncol 2005;23:2534-43,

Jackson JG, St Clair P, Sliwkowski MX, Brattain MG. Blockade of epidermal growth factor- or
heregulin-dependent ErbB2 activation with the anti-ErbB2 monoclonal artibody 2C4 has divergent
downstream signaling and growth effects. Cancer Res 2004;64:2601-9,

Franklin MC, Carey KD, Vajdos FF, Leahy DJ, de Vos AM, Sliwkowski MX. Insights into ErbB
signaling from the structure of the ErbB2-pertuzumab complex. Cancer Cell 2004;5:317-28.

Austin CD, De Maziere AM, Pisacane PI, van Dijk SM, Eigenbrot C, Stiwkowski MX, Klumperman J,
Scheller RH. Endocytosis and sorting of ErbB2 and the site of action of cancer therapeutlcs trastuzumab
and geldanamycin. Mol Biol Cell 2004;15:5268-82.

Sliwkowski MX. Ready to partner. Nat Struct Biol 2003;10:158-9.

Miller K, Meng G, Liu J, Hurst A, Hsei V, Wong WL, Ekert R, Lawrence D, Sherwood S, DeForge L,
Gaudreault J, Keller G, Sliwkowski M, Ashkenazi A, Presta L. Design, construction, and in vitro
analyses of multivalent antibodies. J Immunol 2003;170:4854-61.

Burgess AW, Cho HS, Eigenbrot C, Ferguson KM, Garrett TP, Leahy DJ, Lemmon MA, Sliwkowski
MX, Ward CW, Yokoyama S. An open-and-shut case? Recent insights into the activation of EGF/ErbB
receptors. Mol Cell 2003;12:541-52,

Akita RW, SIiwkowski MZX. Preclinical studies with Erlotinib (Tarceva). Semin Oncol 2003;30:15-24.

Stamos J, Stiwkowski MX, Eigenbrot C. Structure of the epidermal growth factor receptor kinase domain

alone and in complex with a 4-anilinoguinazoline inhibitor. J Biol Chem 2002;277:46265-72.

Ranson M, Sliwkowski MX. Perspectives on anti-HER monoclonal antibodies. Oncology 2002;63 Suppl
1:17-24,

Penuel E, Akita RW, Sliwkowski MX. Identification of a region within the ErbB2/HER?2 intracellular
domain that is necessary for ligand-independent association. J Biol Chem 2002;277:28468-73.

Agus DB, Akita RW, Fox WD, Lewis GD, Higgins B, Pisacane PI, Lofgren JA, Tindell C, Evans DP,
Maiese K, Scher HI, Sliwkowski MX. Targeting ligand-activated ErbB2 signaling inhibits breast and
prostate tumor growth. Cancer Cell 2002;2:127-37.

Yarden Y, Sliwkowski MX. Untangling the ErbB signalling network. Nat Rev Mol Cell Biol
2001;2:127-37.

Penuel E, Schaefer G, Akita RW, Sliwkowski MX. Structural requirements for ErbB2 transactivation.
Semin Oncol 2001;28:36-42.,

O'Shea S, Johnson K, Clark R, Sliwkowski MX, Erickson SL. Effects of in vivo heregulin betal
treatment in wild-type and ErbB gene-targeted mice depend on receptor levels and pregnancy. Am J
Pathol 2001;158:1871-80.
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28. Mann M, Sheng H, Shao J, Williams CS, Pisacane PI, Sliwkowski MX, DuBois RN. Targeting
cyclooxygenase 2 and HER-2/neu pathways inhibits colorectal carcinoma growth. Gastroenterology
2001;120:1713-9. ’ .

29. Lee H, Akita RW, Sliwkowski MX, Maihle NJ. A naturally occurring secreted human ErbB3 receptor
isoform inhibits heregulin-stimulated activation of ErbB2, ErbB3, and ErbB4. Cancer Res 2001;61:4467-
73.

30. Koeppen HK, Wright BD, Burt AD, Quirke P, McNicol AM, Dybdal NO, Sliwkowski MX, Hillan KJ.
-Overexpression of HER2/neu in solid tumours: an immunohistochemical survey. Histopathology
2001;38:96-104. -

31 - Riley JK, Sliwkowski MX. CD20: a gene in search of a function. Semin Oncol 2000;27:17-24.

32. Patel NV, Acarregui MJ, Snyder JM, Klein JM, Sliwkowski MX, Kern JA. Neuregulin-1 and human
epidermal growth factor receptors 2 and 3 play a role in human lung development in vitro. Am J Respir
Cell Mol Biol 2000;22:432-40. '

33. Kurokawa H, Lenferink AE, Simpson JF, Pisacane PI, Sliwkowski MX, Forbes JT, Arteaga CL.
Inhibition of HER2/neu (erbB-2) and mitogen-activated protein kinases enhances tamoxifen action
against HER2-overexpressing, tamoxifen-resistant breast cancer cells. Cancer Res 2000;60:5887-94.

34. Carter P, Fendly BM, Lewis GD, Sliwkowski MX. Development of herceptin. Breast Dis 2000;11:103-
11.

3s. Agus DB, Akita RW, Fox WD, Lofgren JA, Higgins B, Maiese K, Scher HI, Sliwkowski MX. A
potential role for activated HER-2 in prostate cancer. Semin Oncol 2000;27:76-83; discussion 92-100.

36. Zheng JL, Frantz G, Lewis AK, Sliwkowski M, Gao WQ. Heregulin enhances regenerative proliferétion
in postnatal rat utricular sensory epithelium after ototoxic damage. J Neurocytol 1999;28:901-12.

37. Sundaresan S, Penuel E, Sliwkowski MX. The biology of human epidermal growth factor receptor 2.
Curr Oncol Rep 1999;1:16-22.

38. Sliwkowski MX, Lofgren JA, Lewis GD, Hotaling TE, Fendly BM, Fox JA. Nonclinical studies
addressing the mechanism of action of trastuzumab (Herceptin). Semin Oncol 1999;26:60-70.

39. Schaefer G, Akita RW, Sliwkowski MX. A discrete three-amino acid segment (LVI) at the C-terminal
end of kinase-impaired ErbB3 is required for transactivation of ErbB2. J Biol Chem 1999;274:859-66.

40, Pegram M, Hsu S, Lewis G, Pietras R, Beryt M, Sliwkowski M, Coombs D, Baly D, Kabbinavar F,
Slamon D. Inhibitory effects of combinations of HER-2/neu antibody and chemotherapeutic agents used
for treatment of human breast cancers. Oncogene 1999;18:2241-51.

41. Kern JA, Wakita R, Sliwkowski MX. Neuregulin receptor-mediated gene transfer by human epidermal
growth factor receptor 2-targeted antibodies and neuregulin-1. Cancer Gene Ther 1999;6:537-45.

42, Jones JT, Akita RW, Sliwkowski MX. Binding specificities and affinities of egf domains for ErbB
receptors. FEBS Lett 1999;447:227-31.

43, Aguilar Z, Akita RW, Finn RS, Ramos BL, Pegram MD, Kabbinavar FF, Pietras RJ, Pisacane P,
Sliwkowski MX, Slamon DJ. Biologic effects of heregulin/neu differentiation factor on normal and
malignant human breast and ovarian epithelial cells. Oncogene 1999;18:6050-62.
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Sundaresan S, Roberts PE, King KL, Sliwkowski MX, Mather JP. Biological response to ErbB ligands in
nontransformed cell lines correlates with a specific pattern of receptor expression. Endocrinology
1998;139:4756-64.

Jones JT, Ballinger MD, Pisacane PI, Lofgren JA, Fitzpatrick VD, Fairbrother WJ, Wells JA, Sliwkowski
MX. Binding interaction of the heregulinbeta egf domain with ErbB3 and ErbB4 receptors assessed by
alanine scanning mutagenesis. J Biol Chem 1998;273:11667-74.

Fitzpatrick VD, Pisacane PI, Vandlen RL, Sliwkowski-MX. Formation of a high affinity heregulin
binding site using the soluble extracellular domains of ErbB2 with ErbB3 or ErbB4. FEBS Lett
1998;431:102-6.

Fairbrother WJ, Liu I, Pisacane PI, Sliwkowski MX, Palmer AG, 3rd. Backbone dynamics -of the EGF- '
like domain of heregulin-alpha. J Mol Biol 1998;279:1149-61.

Ballinger MD, Jones IT, Lofgren JA, Fairbrother WI, Akita RW, Sliwkowski MX, Wells JA. Selection
of heregulin variants having higher affinity for the ErbB3 receptor by monovalent phage display. J Biol
Chem 1998;273:11675-84.

Zrihan-Licht S, Lim J, Keydar I, Sliwkowski MX, Groopman JE, Avraham H. Association of csk-
homologous kinase (CHK) (formerly MATK) with HER-2/ErbB-2 in breast cancer cells. J Biol Chem
1997;272:1856-63.

Zhang D, Sliwkowski MX, Mark M, Frantz G, Akita R, Sun Y, Hillan K, Crowley C, Brush J, Godowski
PJ. Neuregulin-3 (NRG3): a novel neural tissue-enriched protein that binds and activates ErbB4. Proc
Nat] Acad Sci U S A 1997;94:9562-7.

Westphal M, Meima L, Szonyi E, Lofgren J, Meissner H, Hamel W, Nikolics K, Sliwkowski MX.
Heregulins and the ErbB-2/3/4 receptors in gliomas. J Neurooncol 1997;35:335-46.

Schaefer G, Fitzpatrick VD, Sliwkowski MX. Gamma-heregulin: a novel heregulin isoform that is an
autocrine growth factor for the human breast cancer cell line, MDA-MB-175. Oncogene 1997;15:1385-
94.

Sadick MD, Sliwkowski MX, Nuijens A, Bald L, Chiang N, Lofgren JA, Wong WL. Analysis of
heregulin-induced ErbB2 phosphorylation with a high-throughput Kinase receptor activation -enzyme-
linked immunosorbant assay. Anal Biochem 1996;235:207-14.

Mincione G, Bianco C, Kannan S, Colletté G, Ciardiello F, Sliwkowski M, Yarden Y, Normanno N,
Pramaggiore A, Kim N, Salomon DS. Enhanced expression of heregulin in c-erb B-2 and c-Ha-ras
transformed mouse and human mammary epithelial cells. J Cell Biochem 1996;60:437-46.

Li W, Park JW, Nuijens A, Sliwkowski MX, Keller GA. Heregulin is rapidly translocated to the nucleus
and its transport is correlated with c-myc induction in breast cancer cells. Oncogene 1996;12:2473-7.

Li RH, Sliwkowski MX, Lo J, Mather JP. Establishment of Schwann cell lines from normal adult and
embryonic rat dorsal root ganglia. J Neurosci Methods 1996;67.57-69.

LiR, Chen J, Hammonds G, Phillips H, Armanini M, Wood P, Bunge R, Godowski PJ, Sliwkowski MX,
Mather JP. Identification of Gas6 as a growth factor for human Schwann cells. J Neurosci 1996;16:2012-
9.
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58. Lewis GD, Lofgren JA, McMurtrey AE, Nuijens A, Fendly BM, Bauer KD, Sliwkowski MX. Growth
regulation of human breast and ovarian tumor cells by heregulin: Evidence for the requirement of ErbB2
as a critical component in mediating heregulin responsiveness. Cancer Res 1996;56:1457-65.

59. Jacobsen NE, Abadi N, Sliwkowski MX, Reilly D, Skelton NJ, Fairbrother WJ. High-resolution solution
structure of the EGF-like domain of heregulin-alpha. Biochemistry 1996;35:3402-17.

60. Carver RS, Sliwkowski MX, Sitaric S, Russell WE. Insulin regulates heregulin binding and ErbB3
" expression in rat hepatocytes. J Biol Chem 1996;271:13491-6.

61. Pietras RJ, Arboleda J, Reese DM, Wongvipat N, Pegram MD, Ramos L, Gorman CM, Parker MG,
: Sliwkowski MX, Slamon DJ. HER-2 tyrosine kinase pathway targets estrogen receptor and promotes
hormone-independent growth in human breast cancer cells. Oncogene 1995;10:2435-46.

62. Morrissey TK, Levi AD, Nuijens A, Sliwkowski MX, Bunge RP. Axon-induced mitogenesis of human
Schwann cells involves heregulin and p185erbB2. Proc Natl Acad Sci U S A 1995;92:1431-5.

63. Levi AD, Bunge RP, Lofgren JA, Meima L, Hefti F, Nikolics K, Sliwkowski MX. The influence of
heregulins on human Schwann cell proliferation. J Neurosci 1995;15:1329-40.

64. Chu GC, Moscoso LM, Sliwkowski MX, Merlie JP. Regulation of the acetylcholine receptor epsilon
subunit gene by recombinant ARIA: an in vitro model for transynaptic gene regulation. Neuron
1995;14:329-39.

65. Sliwkowski MX, Schaefer G, Akita RW, Lofgren JA, Fitzpatrick VD, Nuijens A, Fendly BM, Cerione
RA, Vandlen RL, Carraway K1, 3rd. Coexpression of erbB2 and erbB3 proteins reconstitutes a high
affinity receptor for heregulin. J Biol Chem 1994;269:14661-5.

66. .  Groskreutz DJ, Sliwkowski MX, Gorman CM. Genetically engineered proinsulin constitutively
processed and secreted as mature, active insulin. J Biol Chem 1994;269:6241-5.

67. Carraway KL, 3rd, Sliwkowski MX, Akita R, Platko JV, Guy PM, Nuijens A, Diamonti AJ, Vandlen RL,
* Cantley LC, Cerione RA. The erbB3 gene product is a receptor for heregulin. J Biol Chem
1994;269:14303-6.

68. Press MF, Pike MC, Chazin VR, Hung G, Udove JA, Markowicz M, Danyluk J, Godolphin W,
Sliwkowski M, Akita R, et al. Her-2/neu expression in node-negative breast cancer: direct tissue
quantitation by computerized image analysis and association of overexpression with increased risk of
recurrent disease. Cancer Res 1993;53:4960-70.

69. Holmes WE, Sliwkowski MX, Akita RW, Henzel WJ, Lee J, Park JW, Yansura D, Abadi N, Raab H,
Lewis GD, et al. Identification of heregulin, a specific activator of p185erbB2. Science 1992;256:1205-
10.

70. Coates SR, Harris AJ, Parkes DL, Smith CM, Liu HL, Akita RW, Ferrer MM, Sampson EK, Brandis JW,
Sliwkowski MX. Serological evaluation of Escherichia coli-expressed human T-cell leukemia virus type
I env, gag p24, and tax proteins. J Clin Microbiol 1990;28:1139-42.

1. Ehrlich GD, Glaser JB, Abbott MA, Slamon DJ, Keith D, Sliwkowski M, Brandis J, Keitelman E,
Teramoto Y, Papsidero L, et al. Detection of anti-HTLV-1 Tax antibodies in HTLV-I enzyme-linked
immunosorbent assay-negative individuals. Blood 1989;74:1066-72.
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72. Sliwkowski MX, Stadtman TC. Selenoprotein A of the clostridial glycine reductase complex:
purification and amino acid sequence of the selenocysteme containing peptide. Proc Natl Acad Sci U S A
1988;85:368-71.

73, Sliwkowski MX, Stadtman TC. Selenium-dependent glycine reductase: differences in physicochemical
properties and biological actjvities of selenoprotein A components isolated ﬁ'om Clostridium sticklandii

and Clostridium purinolyticum. Biofactors 1988;1:293-6.

74. Sliwkowski- MX, Swaisgood HE. Assay . of enzyme-catalyzed oxygen-dependent disulfide bond
formation. Methods Enzymol 1987;143:119-23.

75. Sliwkowski MX, Stadtman TC. Purification and immunological studies of selenoprotein A of the
clostridial glycine reductase complex. J Biol Chem 1987;262:4899-904.

76. Sliwkowski MX, Stadtman TC. Incorporation and distribution of selenium into thiolase from Closmdlum
kluyverl I Biol Chem 1985;260:3140-4,

77. . . Sliwkowski MX, Levine RL. Labeling of cystéine-containing peptides with 2-nitro-5-thiobenzoic acid.
Anal Biochem 1985;147:369-73.

78. Hartmanis MG, Sliwkowski MX. Selenomethionine-containing thiolase and 3-hydroxybutyryl-CoA
dehydrogenase from Clostridium kluyveri. Curr Top Cell Regul 1985;27:479-86.

79. Sliwkowski MX, Swaisgood HE, Clare DA, Horton HR. Kinetic mechanism and specificity of bovine
milk sulphydryl oxidase. Biochem J 1984;220:51-5.

80. Sliwkowski MX, Hartmanis MG. Simultaneous single-step purification of thiolase and NADP-dependent
3-hydroxybutyryl-CoA dehydrogenase from Clostridium kluyveri. Anal Biochem 1984;141:344-7,

81. Sliwkowski MX. Characterization of selenomethionine in proteins. Methods Enzymol 1984;107:620-3.
82. Sliwkowski MX, Sliwkowski MB, Horton HR, Swaisgood HE. Resolution of sulphydryl oxidase from
gamma-glutamyltransferase in bovine milk by covalent chromatography on cysteinylsuccinamidopropyl-

glass. Biochem J 1983;209:731-9.

83. Sliwkowski MB, Sliwkowski MX, Swisgood HE, Horton HR. Nonidentity of sulfhydryl oxidase and
gama-glutamyliransferase in bovine milk. Arch Biochem Biophys 1981;211:731-7.

34. Janolino VG, Sliwkowski MX, Swaisgood HE, Horton HR. Catalytic effect of sulthydryl oxidase on the
formation of three-dimensional structure in chymotrypsinogen A. Arch Biochem Biophys 1978;191 269~
77.

ISSUED PATENTS

1. Akita, R. and Sliwkowski, M.X. US Patent #5968511, “ErbB3 antibodies,” March 25t, 1997. .

2. Akita, R. and Sliwkowski, M.X. US Patent #7285649,” ErbB3 antibodies,” April 4tt, 2001.

PHIGENIX
Exhibit 1028-17



MARK X. SLIWKOWSKI Curriculum Vitae

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

Page 10
Schaefer, G. M. and Sliwkowski, M.X. US Patent #6096873, “Gamma-Heregulin,” July 10,
1997.

Schaefer, G.M. and Sliwkowski, M.X. US Patent #6500941, “Gamma-IHeregulin,” February 28t,
2000.

Schaefer, G.M. and Sliwkowski, M.X. US Patent #6916624, “Gamma-Heregulin,” July 12%, 2005.

Ballinger, M.D., Fairbrother, W.]., Jones, ].T., Sliwkowski, M.X. and Wells, J.A, US Patent

" #6387638, “Heregulin Variants,” July 17t, 1998.

Ballinger, M.D., Fairbrother, W.J., Jones, J.T., Sliwkowski, M.X. and Wells, J.A., US Patent
#7063961, “Heregulin Variants,” February 2204, 2002. -

Ballinger, M.D., Fairbrother, W.J., Jones, J.T., Sliwkowski, M.X. and Wells, J.A., US Patent
#61365558 “Heregulin Variants,” February 9%, 1998.

F1tzpatr1ck V.D,, Sliwkowski, M. X and Vandlen, R.L., US Patent #6696290 “ErbB2 and ErbB4
Chimeric Heteromultimeric Adhesms,” March 12t 1999,

Kern, J.A. and Sliwkowski, M.X., US Patent #7153828, “Use of Heregulin as a Growth Factor,”
December 26th, 2006.

Cohen, R L., Gardiner, M.B., Sliwkowski, M.X. and Stelzer, G.T., US Patent #6573043, “Tissue
Analysis and Kits. Therefore,” October 1998.

Cohen, R L., Gardiner, M.B., Sliwkowski, M.X. and Stelzer, G.T., US Patent #6905830, “Tissue
Analysis and Kits Therefore,” January 23, 2003.

Cohen, R. L., Gardiner, M.B., Sliwkowski, M.X. and Stelzer, G.T., US Patent #7129051, “Tissue
Analysis and Kits Therefore,” October 29t, 2004.

Sliwkowski, M.X., US Patent #6949245, “Humanized Anti-ErbB2 Antibodies and Treatment
with Anti-ErbB2 Antibodies,” June 23, 2000. -

Agus, D.B,, Scher, H.I. and Sliwkowski, M.X., US Patent #7041292, “Treating Prostrate Cancer
with Anti-ErbB2 Antibodies,” June 23, 2000.

Blattler, W., Erickson, S., Schwall, R. and Sliwkowski, M.X., US Patent #7097840, “Methods of
Treatment Using Anti-ErbB Antibody Maytansinoid Conjugates,” March 16t, 2001.

Cohen, R.L., Gardiner, M.B., Sliwkowski, M.X. and Stelzer, G.T., US Patent #7344840, “Tissue
Analysis and Kits Therefore,” March 18t, 2008,

Cohen, R.L., Gardiner, M.B., Sliwkowski, M.X. and Stelzer, G.T., US Patent #7468252, “Tissue
Analysis and Kits Therefore,” December 234, 2008.

Adams, C.W., Presta, L.G. and Sliwkowski, M.X,, US Patent #7537931, “Humanized Anti-ErbB2
Antibodies and Treatment with Anti-ErbB2 Antibodies,” May 5%, 2006.
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20. Adams, C.W., Presta, L.G. and Sliwkowski, M.X., US Patent #7498030, “Humanized Anti-ErbB2
Antibodies and Treatment with Anti-ErbB2 Antibodies,” March 34, 2009.

21. Adams, C.W., Presta, L.G. and Sliwkowski, M.X., US Patent #7501122, “Treatment with Anti-
ErbB2 Antibody Combinations,” March 10th, 2009.

22. Adams, C.W., Presta, L.G. and Sliwkowski, M.X., US Patent #7485302, “Treatment with Anti-
ErbB2 Antibodies and Chemotherapeutic Agents,” February 3, 2009.

23. Gerritsen, ML.E. and Sliwkowski, M.X., US Patent #7332579, “ Antibodies to Human ErbB4,”
February 19th, 2008.

PENDING PATENTS

1. Akita, R. and Sliwkowski, M.X., Appl. No. 11/943490, “Isolated Nucleic Acids, Vectors, and .
Host Cells Encoding ErbB3 Antibodies,” November 20%, 2007.

2. AKkita, R. and Sliwkowski, M.X., Appl. No. 11/534830, “Isolated Nucleic Acids, Vectors, and
Host Cells Encoding ErbB3 Antibodies,” September 25t%, 2006.

3. Schaefer, G.M. and Sliwkowski, M.X., Appl. No. 12/168032, “Gamma-Heregulin,” July 3:4,
2008.

4. Fitzpatrick, V.D., Sliwkowski, M.X. and Vandlen, R.L., Appl. No. 11/536354, “Chimeric
Heteromultimeric Adhesins,” September 28th, 2006.

5. Sliwkowski, M.X., Appl. No. 11/154465, “Treatment with Anti-ErbB2 Antibodies and EGFR-
Targeted Drugs,” June 16t, 2005. o

6. Sliwkowski, M.X., Appl. No. 11/690691, “Treatment with Anti-ErbB2 Antibodies,” March 23+,
2007.

7. Kelsey, SM. and Sliwkowski, M.X., Appl. No. 11/770441, “Treatment with Anti-ExbB2
Antibodies,” June 28th, 2007. .

8. Bossenﬁlaier, B., Kelsey, S.M., Koll, H., Muller, H.]. and Sliwkowski, M.X., Appl. No.
10/619754, “Methods for Identifying Tumors That Are Responsive to Treatment with Anti-
ErbB2 Antibodies,” July 14tt, 2003.

9. Brunetta, P.G. and Sliwkowski, M.X., Appl. No. 12/193582, “Therapy of Non-Majignant
Diseases or Disorders with Anti-ErbB2 Antibodies,” August 18%, 2008.

10. Ebens, A.J., Jacobson, F.S., Polakis, P., Schwall, R.H. and Sliwkowski, M.X., Appl. No.
11/141344, “ Antibody Drug Conjugates and Methods,” May 31st, 2005.

11. Kelsey, S.M. and Sliwkowski, M.X., Appl. No. 11/490438, “Combination Therapy of HER
Expressing Tumors,” July 19%, 2006.
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12. Ballinger, M.D., Fairbrother, W.J., Jones, ].T., Sliwkowski, M.X. and Wells, J.A., Appl. No.
11/347808, “Heregulin Variants,” February 2rd, 2006.

13. Fitzpatrick, V.D., Sliwkowski, M.X., and Vandlen, R. L., Appl. No. 10/746176, “ErbB2 and
ErbB3 Chimeric Heteromultimeric Adhesins,” December 22nd, 2003.

14. Cohen, R.L., Gardiner, M.B., Sliwkowski, M.X. and Stelzer, G.T., Appl. No. 12/331178, “Tissue
Analysis and Kits Therefore,” December 9th, 2008.

15. Sliwkowski, M.X., Appl. No. 12/247850, “Treating Prostate Cancer with Anti-ErbB2
Antibodies,” October 8th, 2008.

16. Erickson, S., Schwall, R., Siwkowski, M.X., and Blattler W., Appl. No. 11/488545, “Methods of
Treatment Using Anti-erbB Antibody-Maytansinoid Conjugates,” July 27t%, 2006.

17. Erickson, S., Schwall, R., Sliwkowski, M.X., and Blattler W., Appl. No. 11/949351, “Methods of
Treatment Using Anti-erbB Antibody-Maytansinoid Conjugates,” December 34, 2007.

18. Gerritsen, M.E. and Sliwkowski, M.X,, Appl. No. 12/215200, “ExbB4-Antagonists,” June 24t
2008.

19. Ebens, A]. Jr., Jacobson, F.S., Polakis, P, Schwall, R.H., Sliwkowski, M.X., and Spencer, S.D.,
Appl. No. 12/326721, “ Antibody Drug Conjugates and Methods,” December 274, 2008.

20. Ebens, A]. Jr., Jacobson, F.S., Polakis, P., Schwall, R.H., Sliwkowski, M.X., and Spencer, S.D.,
Appl. No. 12/0528938, “ Antibody Drug Conjugates and Methods,” March 21, 2008.

21. Doronina, 5.0., Senter, P.D., Ebens, AJ. Jr., Kline, T.B., Polakis, P., Sliwkowski, M.X., and
Spencer, S.D., Appl. No. 11/833954, “Monomethylvaline Compounds Capable of Conjugation
to Ligands,” August 314, 2007.

22. Doronina, S.0., Senter, P.D., Ebens, A]. Jr., Kline, T.B., Polakis, P., Sliwkowski, M.X., and
Spencer, S.D., Appl. No. 11/833959, “Monomethylvaline Compounds Capable of Conjugation
to Ligands,” August 3+, 2007.

23. Doronina, S.0., Senter, P.D., Ebens, AJ. Jr., Kline, T.B., Polakis, P., Sliwkowski, M.X., and
Spencer, S.D., Appl. No. 11/833961 “Monomethylvaline Compounds Capable of Conjugation
to Ligands,” August 3¢, 2007,

- 24. Doronina, S.0., Senter, P.D., Ebens, A]. Jr., Kline, T.B., Polakis, P., Siwkowski, M.X., and
Spencer, S.D., Appl. No. 11/833964, “Monomethylvaline Compounds Capable of Conjugation
to Ligands,” August 3+, 2007.

25. Berry, L., Phillips, G., and Sliwkowski, M.X., Appl. No. .12/ 400988, “Combinations of an Anti-
HER2 Antibody-Drug Conjugate and Chemotherapeutic Agents, and Methods of Use,” March -
10th, 2009.
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26. Cairns, B., Chen, R,, Frantz, G., Hillan, K., Koeppen, H., Phillips, H.S., Polakis, P., Smith, V.,
Spencer, 5.D., Williams, P.M., Wu, T.D., Zhang, Z., and Sliwkowski, M.X., Appl. No.
11/733861, “Compositions and Methods for Diagnosis and Treatment of Tumor,” April 11%,
2007. ‘ -

27. Sliwkowski, MX and Elenius, K., Appl. No. 61/117903, “ Anti-HER4 Antibodies,” November
25, 2008. : : '

28. Schaefer, G.M. and Sliwkowski, M.X. Appl. No. 11/173893, “Gamma-Heregulin,” July 1st, 2005.

29. Adams, C.W., Presta, L.G. and Sliwkowski, M.X., Appl. No. 11/044749, “Humanized Anti-
ErbB2 Antibodies and Treatment with Anti-ErbB2 Antibodies,” January 27t, 2005.
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The HER-2/neu proto-oncogene is homologous with, but
distinct from, the epidermal growth factor receptor.
Current evidence indicates that this gene is frequently
amplified and/or overexpressed in some human breast
and ovarian cancers and that these alterations may be
clinically important; however, little is known about the
expression pattern of the gene in normal tissues, Using
immunohistochemistry and northern blot analyses to
identify the HER-2/neu protein and transcript respec-
tively, we have evaluated a variety of normal adult and
fetal tissues for HER-2/neu .expression. HER-2/neu
protein was identified on cell membranes of epithelial
cells in the gastro-intestinal, respiratory, reproductive,
and urinary tract as well as in the skin, breast and pla-
centa. Northern hybridization confirmed the presence of
the 4.5kb transcript encoding the protein in these tissues.
The amount of HER-2/neu message and protein was gen-
erally higher in fetal tissues than in the corresponding
normal adult tissues. HER-2/nen expression levels in
these normal tissues were similar to the levels found in
non-amplified, non-overexpressing breast cancers and
breast cancer cell lines. Southern hybridization of
extracted DNA showed that none of the normal tissues
expressing HER-2/rex had amplification of the gene.
These results confirm that HER-2/neu is normally a
membrane constituent of a variety of epithelial cell types.

Introduction

The neu oncogene was first isolated from DNA
extracted from ethylnitrosourea-induced adrenal neuro-
glioblastomas of neonatal rats (Shih et al,, 1981). The
oncogene was identified by its ability to function as a
dominant transforming gene in NIH3T3 transfection
assays. Since this gene was identified in DNA from
neuroglioblastomas it was referred to as neu (Schechter
et al., 1984), Subsequently, three different groups inde-
pendently identified the human homolog of this gene
(Coussens et al, 1985; Semba et al., 1985; King, Kraus
& Aaronson, 1985) and, because of homology to the
human epidermal growth factor receptor (HER) and
C-erb-B proto-oncogene, it was referred to as HER-2

" (Coussens et al, 1985) or c-erbB-2 (Semba et al, 19835).

Recently, amplification and overexpression of the HER-
2/neu gene was found to be associated with shortened
disease-free and overall survival in women with node-
Positive breast cancer (Slamon et al., 1987; 1989a, b). In
addition, an association between overexpression and
clinical outcome has been seen in some women with

Correspondence: M.F. Press
Received 12 October 1989; accepted in revised form 12 March 1990

node-negative breast cancer (Wright et al,, 1989; Ro er
al, 1989; Paik et al, 1990). HER-2/neu amplification
and overexpression have also been found in human
ovarian carcinomas where the alteration js again associ-
ated with a shorter overall survival (Slamon et al,
1989a, b). Amplification of this gene is consistently
associated with overexpression of both the 4.5kb mes-
senger RNA encoding the gene and the pl85 protein
product. Several lines of experimental evidence indicate
that alterations in HER-2/neu can play an important
role in the pathogenesis of some animal tumors. Trans-
genic mice containing a mutated ney transgene driven
by the mouse mammary tumor virus promoter consis-
tently develop breast carcinoma (Muller et al, 1988).
Transfection and subsequent amplification/
Overexpression or overexpression alone of a normal
HER-2/neu gene (Hudziak et al, 1987; diFiore et al.,
1987) renders NIH3T3 cells more tumorigenic in nude
mice. The HER-2/neu gene encodes a membrane protein
with an extracellular domain, which makes it a candi-
date target for immunotherapeutic approaches against
those cells expressing high levels of gene product.
Experimental data using neu-transformed cell lines
grown in vitro as well as in nude mice suggest that this
type of approach may be feasible (Drebin et al., 1985).
To exploit these potential therapies in patients it is
important to understand the distribution and relative
expression levels of HER-2/neu in normal tissues, Little
information is currently available regarding this issue,
This study describes the distribution of HER-2/neu
expression in normal adult and fetal tissues and charac-
terizes the expression levels.

Results

HER-2/neu expression, in both fetal and adult tissues,

-was identified immunohistochemically on the mem-

branes of epithelial cells (Table 1, Figures 1 and 2). This
staining pattern was found throughout the gastro-
intestinal, respiratory, urinary, and reproductive tracts,
as well as the skin of fetal and adult specimens. Levels
of expression were, in almost all instances, higher in
fetal than in the corresponding adult tissues. Immuno-
staining of frozen, normal tissues ranged from barely
detectable to, in a few specimens, moderate intensity
(2+) (Table 1). Immunostaining in formalin-fixed,
paraffin-embedded tissues was also seen on cell mem-
branes; however, these sections consistently showed less
immunostaining than the corresponding frozen sections
and, frequently, immunostaining detectable in frozen
sections was completely absent in paraffin-embedded
sections of the same specimen. The same phenomenon
has been previously described for this protein in human
tumor tissue (Slamon et al., 1989a, b). Because of this
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Table 1 Expression of HER-2/neu oncogene in fetal and adult tissues

Immunostaining for
HER-2/neu

Tissues Fetal Adult

Breast
Female reproductive
Ovary
Fallopian tube
Uterus-endometrium
Uterus-cervix
Vagina
Male reproductive
Testis
Prostate
Epididymus
Digestive
Oropharynx
Salivary gland
Esophagus
Stomach
Small intestine
Large intestine
Liver-hepatocytes
Bile ducts
Pancreatic ducts
Pancreatic acini
Urinary
Kidney
Ureter
Bladder
Circulatory
Heart
Arteries
Veins
Capillaries
Respiratory
Bronchi
Alveoli
Hematologic
Liver
Spleen
Bone marrow
Lymph node
Musculoskeletal
Bone - -
Cartilage - -
Muscle - -
Skin
Epidermis + =+
Adnexae 0 ) wk
Endocrine
Pituitary - -
Adrenal cortex - -
Adrenal medulla — -
Pancreatic islets - -
Central Nervous System
Forebrain (cerebral
cortex) - -
Midbrain - -
Hindbrain (cerebellum,
medulia) - -
Spinal cord - -
Meninges - -
Eye - NE

+
= Z ZZ
L1l o+ 11t ++i I ++ 1 ++++ G+ FE! +tE+t Z
g
& z

r4
3]
|

*Surface epithelium had weak membrane immunostaining, but the
remainder of the ovary was not immunoreactive
NE = not examined

difference, immunohistochemical analyses for the
current study were performed using frozen specimens,
circumventing the possibility that a weak or negative
result would be due to fixation or tissue processing arti-
facts. The data on expression of HER-2/neu in normal
fetal and adult tissues are summarized in Table 1 and
are discussed in detail below.

Gastrointestinal tract

HER-2/ney immunoreactive epithelium lined the fetal
and neonatal gastrointestinal tract from the oropharynx
to the large intestine. The epithelial cells of the common
bile duct and pancreatic ducts also showed HER-2/neu
membrane immunoreactivity. Membrane staining of
epithelial cells ranged from weakly positive to distinctly
positive (Figure 2P, Q). The lateral and basal cell mem-
branes of most gastrointestinal epithelia were immuno-
stained for HER-2/neu. Subsequent to the first trimester,
the small and large intestine were easily distinguishable
and it was apparent that the apical cell membranes of
intestinal epithelial cells were negative or only weakly
immunostained for HER-2/neu. Cells of the lamina
propria, muscularis and serosa showed no immunoreac-
tivity. _

The epithelium of the adult gastrointestinal tract
showed membrane immunoreactivity for HER-2/neu;
however, the amount of immunostaining was generally
reduced below the level observed in fetal tissue (Figure
2, Q vs. R) and in some cases, was barely detectable.
Stratified squamous epithelium of the oropharynx and
esophagus was weakly immunostained. Ductal epithe-
lium of salivary glands was also immunoreactive. The
columnar epithelium of the gastric pits was weakly
immunostained while the epithelial cells of the gastric
glands (parietal cells, chief cells) showed no HER-2/neu
immunoreactivity. In the cardia and antrum the
foveolae, which are lined almost entirely by mucus-
secreting epithelial cells, showed weak immunostaining
for HER-2/neu throughout their depth. Similarly, both
the small intestinal epithelium (Figure 2) and the
colonic epithelium were weakly immunoreactive for
HER-2/neu. The immunostaining was again found
along the lateral and basal cell membranes of these epi-
thelial cells. In the small intestine, the epithelial cells
lining the villi showed slightly more immunoreactivity
than the epithelial cells of the crypts. Epithelial cells
of Brunner’s glands also had HER-2/neu membrane
immunostaining. As in the fetal tissue, none of the cells
of the lamina propria, muscularis mucosa, submucosa,
muscularis propria or serosa showed HER-2/neu immu-
nostaining. Membranes of ductal epithelial cells in the
pancreas were weakly immunostained but acini and
islet cells were not. Intrahepatic bile ducts were the only
cell types in the adult liver which had detectable mem-
brane staining (Figure 2L, M). This membrane staining
was very weak even in larger bile ducts and often not
identified in smaller bile ducts. Epithelial cells of the gall
bladder also showed membrane immunostaining.

Respiratory tract

The epithelium of the developing lungs (presumptive
trachea, bronchi, and bronchioles) was immunoreactive
for HER-2/neu in all stages of fetal development and in
the neonate (Figure 2E, F), with the exception of the
03cm fetus where the lung buds were not identified.
Mesenchymal and vascular cells were negative for
HER-2/neu. . .

Adult lungs showed HER-2/neu low level immuno-
reactivity on bronchial and bronchiolar epithelial cell
membranes (Figure 2G, H), especially the lateral and
basal portions of the cell membranes. The alveoli were
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Figure 1 Normal adult breast. All normal breast specimens had at least weak membrane immunostaining in frozen tissue sections.
This illustrative case, obtained at reduction mammoplasty, had the strongest HER-2/neu membrane immunostaining (2+) in our
series of 21 normal breast samples. (A) Hermatoxylin and eosin stained section showing normal breast lobules and ducts. Magnifi-
cation, 150 x . (B) Immunohistochemical localization of HER-2/ner demonstrates immunostaining throughout the ductal and lobular
epithelial cells in a frozen tissue section. Magnification, 150 x. (C) Immunostaining of epithelial cell membranes in a terminal duct
lobular unit. Frozen tissue section. Magnification, 1450 x . (D) Negative control section in which pre-immune serum was used instead
of HER-2/neu-immune serum. Frozen tissue section. Magnification, 1450 x . (E) A portion of the same specimen, fixed in formalin and
processed for paraffin-embedding, was sectioned and processed for HER-2/neu localization as in C. Note the relative lack of immuno-
staining. Magnification, 1450 x . (F) A breast carcinoma known to have $ to 20-fold amplification and overexpression of the HER-2/
neu gene demonstrates strong (3 + ) membrane staining for comparison with C and E. Frozen tissue section. Magnification, 1450 x

not immunoreactive nor were pulmonary blood vessels,
lymphatics or connective tissue.

Urinary tract

Mesonephric and metanephric epithelium was immuno-
stained for HER-2/neu in all fetuses where the kidneys
were examined (nine cases) as well as in the neonate.
Renal epithelium of the developing kidney, i.e., epithe-
lium lining the parietal surface of Bowman’s capsule
(Figure 28), the proximal tubule, loops of Henle, distal
tubule and collecting tubule (Figure 2T), expressed
HER-2/neu (Figure 2). The intensity of the immuno-
staining ranged from weak in Bowman’s capsule and
Fhe proximal tubules to moderate (2 +) immunostaining
In the collecting tubules of the kidney. Urothelium of

the renal pelvis and developing bladder also expressed
the protein.

In the adult kidney the distribution of immuno-
staining is similar to that observed in the fetuses, but
the intensity was much weaker in the glomeruli, proxi-
mal and distal tubules. The collecting tubules were
more strongly immunostained (+/+ +) (Figure 2U, V)
than the glomeruli and tubules of the adult kidney. The
urothelium of the ureter and bladder were only weakly
immunoreactive.

Female reproductive tract

Epithelial cells throughout the developing mullerian
ducts of the embryos and fetuses were immunostained
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Figure 2 Immunohistochemical identification of HER-2/neu in normal fetal and adult tissues. The left half of the figure is devoted to
illustrating the results obtained in fetal tissues. The right half illustrates the results obtained in the corresponding adult tissues. All of
the results illustrated were obtained with frozen tissue sections. (A) Histologic section of fetal brain (developing cerebral cortex)
stajned with hematoxylin and eosin corresponding to the immunostained area shown in B. 725 x. (B) Fetal brain (developing
cerebral cortex) incubated with HER-2/neu immune serum (#60) as part of the peroxidase antiperoxidase technique shows no
immunostaining. No counterstain. 725 x . (C) Histologic section of adult cerebral cortex stained with hematoxylin and eosin corre-
sponding to D. (D) Adult cerebral cortex similarly shows no immunoreactivity with HER-2/ney immune serum. No counterstain.
725 x . (E) Histologic section of a bronchus in fetal lung stained with hematoxylin and eosin corresponding to the area shown in F.
1450 x . (F) Bronchial epithelium of fetal lung shows membrane staining for HER-2/neu. No counterstain. 1450 x . (G} Adult bron-
chial epithelium also shows HER~2/neu membrane staining. No counterstain. 1450 x . (H) Serial section of adult lung stained with
hematoxylin and eosin showing the same bronchus at a lower magnification. 725 x . (I)-Histologic section of fetal liver stained with
hematoxylin corresponding to area shown in J. 1450x. (J) Fetal liver shows no HER-2/neu immunostaining in hepatocytes or
hematopoietic cells by immunohistochemistry. No counterstain. 1450 x . (K) HER-2/neu immunoreactivity is.identified in cell mem-
branes of the fetal biliary epithelium, No counterstain. 1450x. (L) Weak HER-2/neu immunostaining is also identified on cell
membranes of adult biliary epithelium. 1450 x. No counterstain. (M) Histologic section of biliary epithelium stained with hema-
toxylin and eosin corresponding to the area shown in L. 1450 x. {N) Immunoreactivity for HER-2/neu is not identified in hepatocytes
of adult liver. No counterstain. 1450 x . (O) Histologic section of normal adult liver stained with hematoxylin and eosin correspond-
ing to area shown in N. 1450 x . (P} Histologic section of fetal small intestine stained with hematoxylin and eosin corresponding to

Exhibit 1028-26



for HER-2/neu. The various components of the female
reproductive tract (vagina, cervix, uterus and fallopian
tube) could be identified in fetuses larger than 10cm
and all were immunoreactive for HER-2/neu (Figure
2 W, X, AA, BB). As in the gastro-intestinal tract, the
protein was localized to the lateral and basal cell mem-
branes of these cells. The apical portion of the cuboidal
and columnar epithelial cells (microvillus brush border)
usually lacked HER-2/neu immunostaining (Figure 2X).
Stromal cells, smooth muscle cells, blood vessels and
mesothelial cells also lacked immunoreactivity for
HER-2/neu. Finally, the developing ovaries from fetuses
were not immunostained for HER-2/neu.

The adult vaginal epithelium was immunoreactive for
the protein throughout its entire thickness including
basal cells, parabasal cells, intermediate cells and super-
ficial cells. The superficial cells showed variable immu-
nostaining ranging from not present to weak.
Immunostaining was strongest in the parabasal and
intermediate cells. This immunostaining pattern was
present in vaginal tissue sampled throughout the mens-
trual cycle. Vaginal samples obtained during menstrua-
tion or the early follicular phase were immunostained
throughout the full thickness but displayed weaker
staining. During the remainder of the menstrual cycle
the immunostaining was slightly stronger. The sub-
mucosa and muscularis of the vagina were not immuno-
reactive for HER-2/neu.

Immunostaining of the adult cervix was identified in
the ectocervical squamous and endocervical columnar
epithelia. Stromal cells, smooth muscle cells of the mus-
cularis and cells of blood vessels did not express HER-
2/neu.

HER-2/neu immunoreactivity was present in the
adult uterine epithelium (Figure 2Y, Z). Endometrial
surface and glandular epithelia were stained throughout
the menstrual cycle and again the immunoreactivity was
identified predominantly along the lateral and basal
aspects of cell membranes. Stromal cells of the endo-
metrium were HER-2/neu negative during the normal
menstrual cycle and after menopause. However, during
the first and second trimesters of gestation some decid-
ualized stromal cells did express the protein. Glandular
epithelial cells, especially hypersecretory glands of the
gravid uterus showed stronger HER-2/neu immuno-
staining than during the menstrual cycle. This increased
membrane immunostaining was most apparent along
the basal aspects of cell membranes. Decidualized
stromal cells identified on the maternal surface of the
placenta at delivery also showed membrane immuno-
reactivity.

The adult fallopian tube showed weak to moderate
Immunostaining of tubal epithelial cells throughout the
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menstrual cycle (Figure 2 CC, DD). Immunostaining
was less intense during menstruation and the early pro-
liferative phase. Stromal cells, blood vessels, smooth
muscle cells of the muscularis and mesothelial cells of
the serosa were not immunoreactive.

With the exception of the surface epithelial cells, the
ovary was not immunoreactive for HER-2/neu. Weak
immunostaining of surface epithelium was identified in
two of three ovaries where the epithelium had not
become detached; one ovary was removed from a post-
menopausal woman and the other from a woman of
reproductive age during the luteal phase of the mens-
trual cycle.

Breast

Breast tissue was not identified in any of the embryos or
fetuses. Adult breast consistently showed weak to low
levels of HER-2/neu immunoreactivity in both ductal
and lobular epithelia. The basal and lateral cell mem-
branes were immunostained at levels comparable to
those observed in most fetal epithelial cells. Immuno-
staining did not vary significantly during the menstrual
cycle when 21 separate specimens distributed equally
throughout the cycle were examined. In general, the
amount of immunostaining in normal breast tissue was
similar to that associated with non-HER-2/neu-ampli-
fied breast cancers, i.e. those which have a single copy of
the gene and low levels of expression (Slamon et al,
1989a, b). Of the 21 normal breast specimens evaluated,
only one showed moderate levels (4 +) of staining
(Figure 1b and c); however, this level was still lower
than that observed in most amplified/overexpressing
tumors (Figure 1f). The difference in HER-2/neu stain-
ing intensity seen in frozen (Figure 1b and c) and
formalin-fixed, paraffin-embedded sections (Figure le)
of the same specimen can be readily appreciated in this
case. Other cells in the normal breast including myoepi-
thelial cells, fibroblasts, fat cells, vascular smooth
muscle and endothelial cells were not immunostained
for HER-2/neu.

Male reproductive tract

Glandular epithelium of the adult prostate was weakly
immunostained for HER-2/neu, while the stromal and
vascular cells of the gland were negative. Fetal and
adult testis as well as adult epididymus were not HER-
2/neu immunoreactive.

Placenta

The squamous epithelium covering the fetal surface of
the placenta and umbilical cord had immunoreactive

the area shown in Q. 1450 x. (Q) HER-2/neu immunostaining of fetal small intestinal epithelial cells. No counterstain. 1450 x. (R)
Immunolocalization of HER-2/neu to the cell membranes of epithelial cells of the adult duodenum. No counterstain. 1450 x. (S)
Immunohistochemical localization of HER-2/neu in the metanephros showing immunostaining of cells lining Bowman’s capsule of a
glomerulus (g) and a cortical tubule. No counterstain. 1450 x. (T} The developing collecting tubules in the medulla of the meta-
nephros show membrane immunostaining of epithelial cells. No counterstain. 1450 x. (U) Tubular epithelium of the adult medulla
also shows membrane immunostaining for HER-2/neu. No counterstain. 1450 x . (V) Histologic section of renal medulla correspond-
ing to U. 1450 x. (W) Histologic section of fetal endometrium stained with hematoxylin and eosin showing the same area as X.
1450 x . (X) HER-2/neu is localized to the cell membranes, especially the lateral and basal cell membranes, of endometrial epithelial
cells by immunohistochemistry in this fetal uterus. No counterstain. 2900 x . (Y) The distribution of HER-2/neu in the adult endome-
trium is limited to the membranes of the epithelial cells. No counterstain. 1450 x. (Z). Histologic section of Y stained with hema-
toxylin and eosin. 1450 x. (AA) Histologic section of fetal fallopian tube stained with hematoxylin and eosin corresponding to area
shown in BB. 1450 x . (BB) Immunohistochemical localization of HER-2/neu in fetal fallopian tube. The immunostaining is present
on cell membranes of epithelial cells. No counterstain. 1450 x . (CC) HER-2/neu is also localized to the cell membranes of epithelial
cells in the adult fallopian tube. No counterstain. 1450 x . (DD) Histologic section of CC stained with hematoxylin and eosin. 1450 x
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Figare 3 (A) Northern blot analysis of HER-2/neu expression in
normal fetal and adult tissues. The HER-2/neu message is identi-
fied as an autoradiographic signal in lanes 1 through 8 of this
Northern blot. Only lane 1 (SKBR3, control breast cancer cell line
with amplification and overexpression of the gene) has levels of
expression significantly above the level found in a single-copy, low
expression breast cancer shown in lane 2 (MCF-7 human breast
cancer cell line). Expression of HER-2/neu message is identified in
normal fetal and adult kidney (lane 3 and lane 4, [k and ak), fetal
and aduit lung (lanes 5 and 6, fl and al) and fetal and adult intes-
tine (lanes 7 and 8, fi and ai) at levels similar to that in low expres-
sion breast cancers (e.g. lane 2). The 4.5kb transeript is not
identified in total RNA from fetal liver (fh, lane 9), adult liver (ah,
lane 10), fetal cerebral cortex (fb, lane 11), adult cerebral cortex (ab,
lane 12) and adult spleen (as, lane 13). In addition, to confirm the
apparent lack of HER-2/neu expression in liver, 10, 20, 30 and 40
micrograms of total RNA from adult liver were loaded in lanes 14,
15, 16 and 17, respectively. Autoradiograms were produced by
exposing the filter for 72h at —70°C. Exposure of the filter for an

additional 48 h did not show an increase in HER-2/neu transcript.
The Northern blots were prepared with total RNA from each
sample as follows: 10 micrograms of total RNA were loaded in
lanes 1-9 and 11-14; 20 micrograms in lanes 10 and 15; 30 micro-
grams in lane 16 and 40 micrograms in lane 17. (B) Controis-28S
tribosomal RNA. To confirm that the loading and transfer of RNA
had been performed properly the filters were stained with ethidium
bromide to demonstrate the 285 and 188 subunits of ribosomal
RNA. Staining of the 28S subunit is illustrated

cell membranes during gestation and at delivery. The
epithelium of the allantoic remnant in the umbilical
cord was also immunostained for HER-2/neu. Tropho-
blast of the chorionic villi expressed HER-2/neu during
the first and second trimesters but only weakly or not at
all at delivery. Interestingly, the immunostaining for
HER-2/neu was along the apical cell membrane of the
syncytial trophoblast. Some maternal decidualized
stromal cells of gestational endometria were immuno-
reactive for HER-2/neu during the first and second tri-
mester and at term and expressed the protein
circumferentially along the cell membrane.

Skin

Skin of the embryos was composed of only a few layers
of squamous epithelium and these cells expressed HER-
2/neu. Adult skin showed immunoreactivity of kerati-
nocytes but mnot melanocytes. Adnexal structures,
especially hair follicles, sweat glands and sebaceous
glands, were weakly immunostained.

Other tissues

The fetal and adult central nervous system was not
immunoreactive for HER-2/neu (Table 1, Figure 2A-D).
The developing eye, cerebral cortex, infundibulum, tha-
lamus, pons, medulla oblongata showed no membrane
immunostaining. Likewise, the mantle, marginal zones
and dorsal root ganglia of the developing spinal cord
showed no protein staining, Only epithelial cells of the
choroid plexus showed weak immunoreactivity.
Although cartilage did not express HER-2/neu, noto-
chord of developing vertebral cartilage in embryos was
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Figure 4 MNorthern blot analysis of HER-2/neu expression in
normal adult endometrium throughout the menstrual cycle. HER-
2/neu message (4.5kb) is identified in the RNA from two menstrual
(m-lanes 1, 2), two early proliferative phase (ep-lanes 3, 4), two
midproliferative phase (mp-lanes, 5, 6), two late proliferative phase
(Ip-lanes 7, 8), two early secretory phase (es-lanes 9, 10), two mid-
secretory phase (ms-lanes 11, 12) and two late secretory phase (Is-
lanes 13, 14) endometria. The low level of expression present in
normal endometrium is clearly demonstrated by comparison of the
autoradiographic signals obtained from endometrial samples
{lanes 1-14) with the single copy, low HER-2/neu expressing breast
cancer cell line, MCF-7 (lane 15). Lane 16 contains a breast cancer
with 2 to 5-fold amplification of the HER-2/neu gene and moder-
ate overexpression of the HER-2/ney message. The Northern blot
was prepared as in Figure 3. Endometrial samples were dated from
formalin-fixed, paraﬂin—embeddcd, hematoxylin and eosin stained
tissue sections according to morphologic criteria described else-
where (Press et al, 1984; Press et al, 1986; Press, Udove &
Greene, 1988)

immunoreactive for the protein. Hematopoietic tissues
including fetal liver (Figure 21, J) spleen and adult bone
marrow did not have HER-2/neu staining. In the adult
liver only bile ducts showed membrane staining which
was weak and inconsistently present (Figure 2L, M).
Hepatocytes of adult liver were not immunostained
(Figure 2N, O). The red and white pulp of adult spleen,
adult lymph nodes and thymus, and lymphoid cells of
adult tonsils were also not immunoreactive; however,
the tonsillar squamous epithelium had membrane
immunostaining. The fetal heart, adrenal gland (cortex
and medulla), islet of Langerhans were not immuno-
stained for HER-2/neu.

Expression of HER-2/neu characterized by Northern
hybridization

Northern blot hybridization analyses were used for
independent confirmation of HER-2/neu expression in

‘fetal and adult tissues. Tissues which were immuno-

stained by HER-2/neu antiserum had the 4.5kb HER-
2/neu message providing independent confirmation of
expression (Figure 3, lanes 3-8). The MCF-7 human
breast cancer cell line is an example of single DNA

copy, low expression of HER-2/neu (Figure 3, lane 2;

Figure 4, lane 15). The Jevel of RNA expression in all
normal fetal and adult tissues was similar to that found
in single copy, low expressing breast cancers (Figure 3).
RNA expression in the fetal kidney was higher than in
other normal tissues. Fetal and adult liver, fetal and
adult brain, fetal heart and adult spleen (Figure 3, lanes
9-14) did not express detectable levels of the HER-2/neu
message, confirming the immunohistochemical data.

To determine if HER-2/neu expression levels varied
with the menstrual cycle, we analyzed total RNA from
32 normal endometria including; 4 early proliferative
phase, 4 midproliferative phase, 4 late proliferative
phase, 4 early secretory phase, 4 midsecretory phase, 4
late secretory phase, 4 menstrual endometria and 4 ges-
tational endometria. The amount of HER-2/neu
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Figure 5 Southern blot analysis of HER-2/neu gene copy number
in normal adult and fetal tissues. (a) Comparison of selected fetal
and adult normal tissues. A single copy of the HER-2/neu gene is
present in each of fetal and adult kidney (lanes 1 and 2, fk and ak),
fetal and adult lung (lanes 3, 5 and 4, 6; fl and al) and fetal and
adult small intestine (lanes 7 and 8; fsi and asi). A single copy
breast cancer cell line, MCF-7, (lane 9, C) is also included as a
control. The DNA from the fetal small intestine illustrated in lane
7 shows a rearrangement of the HER-2/neu gene and was the only
case which showed this change. The fetal kidney DNA of lane 1 is
from the same case showing overexpression in Figure 3, lane 3. (b}
Normal adult endometrium from menstrual (lanes 1 and 2), early
proliferative (lanes 3 and 4), midproliferative (lane 5), late prolifer-
ative (lanes 6 and 7), early secretory (lane 8), midsecretory (lane 9)
and late secretory (lane 10) have a single copy of the HER-2/neu
gene. DNA from a human breast cancer cell line (lane 11) is nsed
as the single copy control

message identified in endometria at any time point
during the menstrual cycle did not exceed that of single
copy, low expressor breast cancer cells as illustrated in
Figure 4 (lanes 1-14) again using MCF-7 as the low
expressor control (Figure 4, lane 15). While there was
slight variation in a few cases, there was no systematic
change in expression during the menstrual cycle. Gesta-
tional endometria showed similar levels of HER-2/neu
RNA expression. This is comparable to the results
obtained by immunohistochemistry.

Structure of the HER-2/neu gene in normal tissues

Southern hybridization was performed to determine if
any of the tissues expressing HER-2/neu had alterations
of the gene, ie. amplification or rearrangements.
Southern hybridization of DNA from tissue derived

~from fetal and adult kidney, lung, colon, liver, spleen

and adult endometrium showed no evidence of gene
amplification or rearrangement, (Figure 5), with the
exception of a small intestine from one fetus which did
show an apparent rearrangement (Figure 5a, lane 7).

. Discussion

. In this study HER-2/neu expression was analysed in a

large variety of normal fetal and adult tissues. The cells
expressing HER-2/neu were derived from all three germ
layers. Ectodermal der_ivatives, ie. skin and mammary
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glands, mesodermal derivatives, i.e. kidney, ureter,
vagina, cervix, uterus, fallopian tube and Wolffian duct,
and endodermal derivatives, i.e. oropharynx, esophagus,
stomach, intestines, pancreas, biliary tree, lungs, pros-
tate, and bladder expressed the HER-2/neu gene. Extra-
embryonic tissues expressing HER-2/neu were limited to
the trophectoderm of chorionic villi. Endothelial cells
and mesothelial cells were the omly polarized cells
attached to basement membrane which did not express
HER-2/neu. Interestingly, these two cell types are not
considered ‘true’ epithelia (Ekblom, 1989). The pattern
of HER-2/neu expression emerging from this study is of
weak levels of expression distributed in epithelial cells of
most organs.

HER-2/neu expression in adult endometrium did not
show cyclic variation with the menstrual cycle either by
immunohistochemistry or by northern blot analysis.
Likewise, immunohistochemical assay of normal aduit
breast also did not show cyclic variation. In another
series of normal breasts, reported elsewhere, HER-2/neu
expression was demonstrated with both northern
hybridization and immunohistochemistry (Bartow et al.,
1989). The lack of cyclic variation indicates that HER-
2/neu expression is not significantly altered by steroid
hormones.

HER-2/neu was not preferentially expressed in divid-
ing cells. Expression in secretory endometria was as
great as, or slightly greater than, it was in proliferative
endometria. Basal cells of squamous epithelia, columnar
cells of crypts in the gastrointestinal tract, and cyto-
trophoblastic cells of placental chorionic villi, the pro-
liferative compartment of their respective tissues, all
showed similar or less immunostaining than adjacent
epithelial cells.

The level of HER-2/neu expression in normal tissue,
both by subjective evaluation of immunostaining results
and by quantitation of northern hybridization, was con-
sistently less than that observed in breast cancers with
amplification and/or overexpression of the gene, and
was similar to that observed in breast cancers lacking
HER-2/neu amplification and overexpression. HER-
2/neu  protein product identified by immuno-
histochemistry was generally greater in fetal tissues than
in their adult counterparts with the exception of the
female reproductive tract and breast where it appeared
to be comparable to fetal levels. Only the fetal meta-
nephros (kidney) had levels of expression which over-
lapped with the low end of the spectrum of breast
cancers showing overexpression of HER-2/neu. In con-
trast to mesothelium lining the peritoneal cavity, the
surface epithelium of the ovaries was immunostained
for HER-2/neu.

During the preparation of this manuscript four pub-
lications appeared reporting the distribution of HER-2/
neu expression in normal human fetuses and/or adult
tissues (Cohen et al., 1989; DePotter et al., 1989; Mori
et al, 1989; Quirke et al, 1989). The distribution of
HER-2/neu expression described here is in general
agreement with only one of these reports (Mori et al,
1989). Of these four publications only Mori et al. (1989)
used frozen tissue for their study and only they
described HER-2/neu as localized to cell membranes.
Mori et al. (1989) reported their preliminary findings in
three frozen human fetuses; 9, 14 and 24 weeks of age.
They identified the protein on cell membranes of epithe-
lial cells from a variety of organs (lung, esophagus,
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stomach, intestines, kidney, and pancreas). Conversely,
Quirke et al. reported broad expression of HER-2/neu
including ‘staining’ of neural processes in both the
central and peripheral nervous systems, chondrocytes of
developing cartilage, osteocytes in bone, rhabdo-
myoblasts, cardiac muscle, respiratory epithelium and
mesenchyme/smooth muscle, liver, mesonephric glomer-
uli, tubules and ducts, metanephric glomeruli and
tubules, renal pelvis epithelium, gonadal blastema,
adrenal gland, pancreatic acini, epidermis of skin and
cyto- and syncytiotrophoblast from 11 formalin-fixed,
paraffin-embedded fetuses. The cellular and subcellular
distribution of this staining was unclear, but was not
described as solely distributed on cell membranes.
‘Membranous staining’ is described only once, in the
liver of a 6 week fetus. ‘Strong punctate staining’ was
identified in the mesonephric tubules and in adult renal
tubules. ‘Cytoplasmic staining’ was present in chon-
drocytes and in osteocytes. ‘Oesophageal, gastric, small
intestinal and colonic epithelium stained diffusely but
with luminal accentuation’.

Localization of the putative receptor protein, HER-
2/neu, to cell membranes which we (Slamon et al,
1989a, b) and others (Van de Vijer et al, 1988) consider
to be characteristic was apparently not identified in
these formalin-fixed, paraffin-embedded fetuses {(Quirk
et al, 1989). The two antisera used by Quirk et al.
(1989) to identify HER-2/neu in fetuses have been pre-
viously characterized as giving ‘qualitatively and quan-
titatively different staining reactions. In all of the
positive tumors, antiserum 20N predominantly stained
the cytoplasm with only one tumor exhibiting mem-
brane staining. Antiserum 21N predominantly
stained the cell membrane . .. (Gusterson et al., 1988).
In the more recent publication reporting immuno-
staining in normal tissue ‘the pattern of staining of both
antibodies was identical, except for the strong staining
of developing and mature red cells by 21N (Quirk et al.,
1989). However, it is unclear whether the pattern was of
membrane or cytoplasmic immunostaining or both.
One possibility is that variations may be a result of dif-

ferences in sample preparation, ie. fixative, fixation

time, embedding temperatures, etc.

Others, using Bouins-fixed, paraffin-embedded
tissues, described HER-2/neu immunoreactivity in the
gastrointestinal tract but likewise did not describe
immunostaining on cell membranes (Cohen et al., 1989).

DePotter et al. (1989), also using paraffin-embedded
tissues, found ‘a constant diffuse intracytoplasmic gra-
nular staining’ in a variety of normal adult and fetal
tissues. However, ‘the cytoplasmic reacting protein was
shown to be a different protein from the known neu
oncogene product of 185kd’; it had a molecular weight
of 155kd (DePotter et al., 1989). They suggest that ‘it
could be a neu-like cross-reacting protein or a different
neu oncogene product, derived by alternative splicing
from the same gene and having a different destination in
the cell’. No data was provided to show a change in the
signal region of the peptide nor was any data provided
showing alterations in the transmembrane domain
which would prevent the protein product from accumu-
lating in the cell membrane. Western immunoblots have
been used in selected normal tissues to confirm that
HER-2/neu has the characteristic 185kd size (Mori et
al., 1989). Our experience with formalin-fixed, paraffin-
embedded normal tissues as well as with breast cancers

(Slamon et al., 1989a and b) is that HER-2/neu, when
identified, is localized to cell membranes in this
material. Samples with high levels of HER-2/neu ampli-
fication and marked overexpression can frequently have
some cytoplasmic staining; however, we do not see this
in the absence of accompanying membrane staining
Neither have we observed a redistribution of the HER-
2/neu protein from the membrane to the cytoplasm with
paraffin-embedding. The amount and intensity of the
membrane immunostaining for HER-2/neu is consis-
tently reduced when paraffin-embedded tissue is com-
pared to frozen tissue sections derived from the same
specimen (Slamon ez al., 1989a and b).

The assessment of the normal expression pattern of '

this gene is of some importance not only for general
biologic consideration, but also because of potential
utility of measurement of its expression in diagnostic
and prognostic tests for human breast and ovarian
cancer (Slamon et al., 1989a). Moreover, therapeutic
approaches directed at this protein will most likely be
based on the differential high levels of expression seen
in some tumors compared to normal tissues. As a result,
knowledge of the amount and distribution of the HER-
2/neu protein in normal tissues is of importance in inter-
preting diagnostic assays and could be of importance in

anticipating toxicity of future therapeutic trials directed i

at the alteration in expression of this protein in some
human tumors.

"Materials and methods

Embryonic/fetal tissues

Both frozen and formalin-fixed, paraffin-embedded embryonic
and fetal tissues were obtained from twelve human fetuses of
between approximately 3 and 24 weeks gestation. The fetuses
had crown rump lengths of 0.3, 1.7, 1.9, 2.5, 3.0, 4.0, 5.0, 8.0,
13.0, 15.0, 16.5, and 21.5cm. Four of these fetuses were of
undetermined sex, 3 were male and 5 were female. Tissue was
obtained at autopsy from a female infant that expired after a
40 week gestation (61bs, 19in.). The institutional clinical inves-
tigation committee reviewed and approved the study protocol
in which these embryos and fetuses were obtained (UC proto-
col #4411).

Adult tissues

Both frozen and formalin-fixed, paraffin-embedded tissues
derived from surgical specimens were used for these studies.
Normal adult tissues (followed by number of cases of each)
analysed for HER-2/neu expression included lung (n=12),
salivary gland (n = 4), esophagus (n = 6), stomach (n = 13),
small intestine (n = 8), large intestine (n = 10), liver (n = 10),
gall bladder (n=2), spleen (n= 2), lymph node (n=7),
thymus (n = 1), pancreas (n=4), pituitary (n= 2), thyroid
(n=17), adrenal gland (n=7), kidney (n= 16), bladder
(n = 10), testis (n = 8), prostate (n = 12), epididymus (n = 2),
ovary (n = 3), skin (n = 10), bone (n = 4), muscle (n = 10) and
brain {n = 8). In order to characterize HER-2/neu expression
during the female reproductive cycle, tissue from normal
vagina specimens of 21 cases, endometrium of 28 cases, fallo-
pian tube of 21 cases, cervix of 21 cases, and breast of 21 cases,
equally distributed throughout the menstrual cycle, were selec-
ted. Some of these cases have been reported previously in
studies of either estrogen receptor (Press & Greene, 1984;
Press et al., 1984; Press et al., 1986) or progesterone receptor
expression in the female reproductive tract during the mens-
trual cycle (Press, Udove & Greene, 1988; Press & Greene,
1988). The normal breast samples were obtained from women
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andergoing  augmentation or reduction mammoplasties.
Menstrual cycle dating was determined from historical infor-
mation, from the date of the first menses following surgery
and from serum steroid hormone levels in blood obtained
immediately prior to surgery. Only one normal breast sample
obtained from a woman who previously had a hysterectomy
did not have the menstrual cycle date established.

[mmunohistochemical assay

All normal tissues available for the study were analysed by
immunohistochemistry. A rabbit polyclonal antiserum (s# 60),
specific for HER-2/neu protein (Slamon et al., 1989b), was
used with the peroxidase antiperoxidase technique. The
immunohistochemical technique involved the sequential appli-
cation of the following antibodies: primary rabbit anti-HER-
2/neu antiserum # 60 (1:1000 dilution), a secondary or bridg-
ing goat antirabbit IgG (1:50 dilution, half hour) (Sternberger-
Mayer, Inc) and a tertiary rabbit peroxidase-antiperoxidase
antibody (1:50, half hour) (Sternbeiger-Mayer, Inc). Each
antibody incubation was followed by rinsing the tissue sec-
tions in phosphate buffered saline three times (Smin each).
The sites of immunoprecipitate formation were identified
using light microscopy following treatment with a chromogen,
3-3'-diaminobenzidine. Tissues were grouped into one of the
following expression categories depending on the amount of

_membrane immunostaining: negative (—), weak (wk), distinct

(1+), moderate (2+), and strong/intense {3 + ). These cate-
gories are similar to those previously described for breast and
ovarian cancers (Slamon et al, 1989a, b). We do not report
percentage of immunoreactive cells since relatively homoge-
neous immunostaining was observed in specific cell types
throughout frozen sections of normal tissues (approximately
90% of the cells of a particular type showing similar immu-
nostaining properties). Similar observations were made in
frozen sections of breast and ovarian tumors (Slamon et al.,
19892, b).

Negative control serial sections were prepared using pre-
immune serum (1:1000 dilution) instead of the immune serum
in the peroxidase anti-peroxidase technique. The specificity of
the #60 antiserum was confirmed with competition studies
using purified HER-2/neu protein (Slamon et al., 1989b).

Immunostaining of frozen tissue sections, performed in a
blinded fashion, was compared with immunostaining of
formalin-fixed, paraffin-embedded tissue sections. Paraffin-
embedded tissue sections were rehydrated by warming at
55-60“C for one hour and then transferring to xylene and a
graded series of alcohols followed by phosphate buffered
saline. The peroxidase antiperoxidase techmique was per-
formed as above except the incubation times with primary
antibody differed. Frozen section localization of HER-2/neu
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ABSTRACT

The objective of this investigation was to study the effects of
maytansine on the cell cycle kinetics of HelLa cells. The results
of this study indicate that maytansine is a very potent mitotic
inhibitor and that it has no effect on macromolecular synthesis.
Maytansine-induced cytotoxicity was dependent upon the po-
sition of the cell in the cell cycle. Mitotic and G cells are most
sensitive to this agent, while G, phase cells are the most
resistant, with S-phase cells being intermediate. Small (0.82
x 10~8 M) fractionated doses given at an interval of 8 hr have
been found to be more cytotoxic than was a large (1.64 X 108
M) single dose. In evaluating the drug combinations, we ob-
served that the schedule in which 1-8-p-arabinofuranosylcy-
tosine treatment was followed by maytansine treatment ex-
hibited greater cell kill than the reverse sequence. No schedule-
dependent effects were observed when maytansine was tried
in combination with Adriamycin.

INTRODUCTION

Maytansine, a naturally occurring ansa macrolide, isolated
from the East African shrub Maytenus serrata (4, 5), has been
reported to have significant antitumor activity against several
experimental animal tumors, including P388 lymphocytic leu-
kemia, B16 melanoma, and Walker 256 carcinoma (11). The
antitumor activity of maytansine appears primarily to be due to
its stathmokinetic effects, as in the case of Vinca alkaloids
(12). Phase 1 clinical trials with maytansine in our department
at M. D. Anderson Hospital and Tumor Institute appear to be
promising because the antitumor activity of maytansine in
patients with melanoma, breast carcinoma, and head and neck
clear cell carcinoma is associated with little or no myelo-
suppression (2). Responses were also observed by other in-
vestigators in patients with acute lymphocytic leukemia, non-
Hodgkin's lymphoma, ovarian cancer (3), and carcinoma of the
breast (1). Maytansine is now in Phase 2 clinical trials.

Since maytansine is associated with some dose-dependent
gastrointestinal toxicity (2, 3), we decided to study the effects
of scheduling, dose, and dose fractionation of maytansine
alone and in combination with ara-C® or Adriamycin on Hel.a
celis in vitro.
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3 The abbreviations used are: ara-C, 1-8-D-arabinofuranosylicytosine; dThd,
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MATERIALS AND METHODS

Cells. Hel a cells used in this study were grown in Lux plastic
dishes as monolayer cuitures in McCoy's Medium 5A supple-
mented with 16% heat-inactivated fetal calf serum and 1%
penicillin (10,000 units/ml):streptomycin (10,000 ug/mli).
These cells have a cell cycle time of approximately 22 hr and
a plating efficiency of about 90%.

Celi Synchrony. Hela cells were synchronized in S phase
by the excess dThd (2.5 mm) double-block method (8). Cells in
S and G, phases were obtained by trypsinizing monolayer
cultures at 1 and 7 hr, respectively, after reversal of the second
dThd block. A pulse label of 30 min with [*H}dThd gave a
labeling index of 95% for S-phase population and 15% for the
G population. The mitotic index in these populations was less
than 1%. Mitotic HeLa cells of 98% purity or better were
obtained by selective detachment after the exposure to nitrous
oxide (at 80 psi and 37°) of a monolayer culture that was
partially synchronized into S phase by a single dThd block ).
G, phase cells were obtained by incubating the N-O-arrested
mitotic cells under regular culture conditions for 3 hr. During
this 3-hr incubation, the mitotic index decreased from 98% to
below 5%, indicating the successful completion of mitosis
following reversal of the N.O block.

Drugs. Maytansine (NSC 153858), ara-C (NSC 63878), and
Adriamycin (NSC 123127) were supplied by the Drug Devel-
opment Branch, National Cancer Institute, NIH. Stock solutions
of these drugs were freshly prepared just before use and then
serially diluted in complete culture medium to obtain the desired
concentrations. .

Cell Cycle Kinetics. A culture in exponential growth was
trypsinized and plated in a number of Lux 35-mm plastic dishes
at 2 X 10° cells/dish about 20 hr before the experiment. The
experiment was begun by replacing the medium in the dishes
with fresh medium containing maytansine. The drug concentra-
tions studied were 0, 0.5, 1.0, 2.0, 4.1, 8.2, 16.4, and 32.8
nm. For each concentration, there were 2 dishes, one for an
18-hr continuous treatment and the other for a pulse treatment
of 60 min (followed by a wash to remove the drug) and a
posttreatment incubation of 17 hr in regular medium. At the
end of this period, the celis were collected by trypsinization,
deposited directly on clean slides by the use of a cytocentri-
fuge, fixed in absolute methanol:glacial acetic acid (3:1, v/v),
stained with acetoorcein, and scored for the percentage of
cells in mitosis. Five hundred cells were scored for each point.
The mitotic accumulation was plotted as a function of dose.
The data presented represent an average of 3 experiments.

Dose-Survival Studies. The procedures for drug treatment
and the determination of plating efficiency have been described
previously (9). Hela cells in exponential growth, which were
trypsinized and plated in a number of dishes the day before
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the experiment, were exposed to various concentrations of the
drug for 1 hr or more, depending upon the purpose of the
experiment. At the end of the treatment, medium containing the
drug was removed, and cells were washed with drug-free
medium, trypsinized, plated for colonies, and incubated for 10
days. The number of colonies observed in the treatments was
expressed as a percentage of the value for the untreated
control. The plating efficiency of the controls was 85 = 7%
(S.D.).

Evaluation of Drug Combinations. For the in vitro evaluation
of combined drug effects, a random population of Hela cells
was exposed first to one drug that was then removed by
washing before the second drug was added to the medium.
Soon after the drug treatments, cells were washed with regular
medium, trypsinized, and plated for colonies. In this study, 2-
drug combinations, maytansine:ara-C and maytansine:Adria-
mycin, were examined. The various schedules included may-
tansine followed by either ara-C or Adriamycin and the reverse
sequence. The duration of exposure of cells to maytansine and
Adriamycin was 60 min. However, with ara-C, the treatment
was 16 hr because it has been shown that a 16-hr incubation
of a random population of HeLa cells with a sublethal dose (0.8
pg/ml) of ara-C reversibly blocked about 90% of the cells in S
phase (9).

RESULTS

Etfect on Cell Cycle Traverse and Macromolecular Synthe-
sis. The purpose of this set of experiments was to determine
the optimum dose and duration of treatment of HeLa cells with
maytansine to produce the maximum cytotoxic effects. The
primary effect of maytansine on Hela cells was the arrest of
cells in metaphase. The degree of mitotic accumulation in a
random population of HelLa cells after 18 hr of continuous
exposure or after 17 hr of incubation following a 1-hr treatment
with maytansine is presented in Chart 1. In general, the effects
of maytansine on mitotic accumulation were similar to those of
Colcemid. The effects of a pulse (60 min) exposure of cells to
the drug were reversible at lower (0.05 to 0.2 X 1078 M) but
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Chart 1. Effect of various concentrations of maytansine on the mitotic accu-
mulation of HeLa cells in exponential growth. O, a puise treatment; cells were
exposed to maytansine for 60 min; the drug was removed by washing and then
incubated in regular medium for 17 hr. @, cells were incubated with maytansine
tor 18 hr. Cells exposed to Colcemid (1.37 X 10~7 m or 0.05 pg/ml) served as
a control to monitor the antimitotic effects of maytansine. i, 18 hr continuous
Colcemid treatment; (J, 1 hr Colcemid treatment followed by 17 hr incubation in
regular medium, Bars, S.D.
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Phase-specific Cytotoxicity of Maytansine

not at higher concentrations.

Maytansine has no inhibitory effect on the rate of incorpo-
ration of tritium-labeled precursors into DNA, RNA, and protein
during a 3-hr period (Table 1). However, there was some
increase in the incorporation of [°H]leucine in the presence of
Colcemid or maytansine in the medium.

Effect on Cell Survival. The effect of a 1-hr treatment with
various concentrations of maytansine on the plating (cloning)
efficiency of HelLa cells was studied. Initially, the plating effi-
ciency decreased with an increase in dose, but it soon reached
a plateau (Chart 2). Further increase in dose had little or no
effect on survival until the concentration reached 6.56 x 10~
M. However, an increase in the duration of treatment resulted
in a decrease in the plating efficiency (Chart 3).

Effect of Dose Fractionation on Survival. Based on the
dose-survival curve in Chart 2, a maytansine concentration of
1.64 X 108 m was selected. This dose was fractionated into
2 doses (0.82 x 1078 m each), and each was applied for 1 hr,
with or without an interval between them. These results indicate
that the longer the interval between the split doses (up to a
maximum of 8 hr studied) the greater was the decrease in cell
survival (Chart 4).

Cell Cycle Phase-Specific Effects of Maytansine on Plating
Efficiency. When Hela cells synchronized in various phases
of the cell cycle were exposed to maytansine (1.64 X 108
M) for 1 hr, the percentage of survival varied depending upon
the phase of the synchronized population (Chart 5). The great-
est drug sensitivity was observed in mitotic populations fol-
lowed by G2, S, and G, in order of decreasing sensitivity.

In Vitro Evaluation of Drug Combinations. In view of the cell

Table 1

Effect of maytansine on the incorporation of tritium-labeled
precursors in DNA, RNA, and protein

The data represent the average of 4 experiments.
Relative cpm/10°® cells

Treatment [*H)}Thd [*HNUridine [*H)Leucine

Control 100 100 100
Colcemid (0.05 106.4 + 4.39" 945+ 7.20 121.2 £ 11,10

pug/mi)
Maytansine (0.658 102.7 + 8.10 111.3+10.60 1520+ 138

X 107°wm; 0.5

ng/mi)

% Mean = S.D.
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Chart 2. Effect of a 1-hr treatment with various concentrations of maytansine
(O) on the plating efficiency of HeLa cells in exponential growth, Bars, S.D.
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Chart 3. Effect of the duration of maytansine (1.64 x 10°% m) (O) treatment
on the plating efficiency of Hela cells in exponential growth. Bars, S.D.
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Chart 4. Effect of dose fractionation and the duration of interval between the
treatments on the survival of HeLa cells in exponential growth. A, untreated
control; B, maytansine treatment (0.82 X 1078 m) for 1 hr; C, maytansine
treatment (1.64 x 10~2 m) for 1 hr. For dose fractionation studies, 2 treatments
of maytansine at 0.82 x 10~® m for 60 min each were applied at zero {D), 2- (E),
4- (F), 6- (G), and 8- (H) hr intervals. Bars, S.D.

cycle phase-specific cytotoxicity of maytansine, we decided to
study whether there would be any increase in cell kill by
synchronizing with a low dose of ara-C and then exposing the
cells to maytansine. Schedule-dependent cytotoxic effects
were observed in the combination of maytansine with ara-C but
not with Adriamycin (Chart 6). Exposure of cells to ara-C for
16 hr followed by a 1-hr treatment with maytansine reduced
the plating efficiency to about 25%, as compared with 41%
survival when the sequence was reversed. The data presented
are the averages of 3 experiments.

DISCUSSION

The results of this study indicate that maytansine is primarily
a mitotic inhibitor. As a mitotic inhibitor, it is effective over a
wide range of concentrations (Chart 1). The lowest effective
concentration (0.5 nM) for maytansine in HelLa cells is about
200 times smaller than that for Colcemid (1.37 X 1077 m).
Similarly, maytansine has been shown to be at least 100 times
more potent as an antimitotic agent than vincristine in sea
urchin eggs (10).

Continuous treatment of HelLa cells with higher doses of
maytansine may slow down the progression of cells through
the cell cycle to some extent, as indicated by a slight reduction
in the degree of mitotic accumulation (Chart 1). Such retarding
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effects are not observed if the duration of treatment is limited
to 1 hr. A 60-min treatment with concentrations of maytansine
above 0.82 X 10~® M produces a mitotic block in Hela cells
that remained irreversible up to 18 hr. At concentrations of 0.2
X 1078 m or lower, the antimitotic effects are quickly reversible
by washing and resuspending the cells in drug-free medium.
Similar results were obtained with murine leukemia cells by
Wolpert-Defilippes et al. (12).

A 3-hr incubation of a random culture of HelLa cells with
maytansine at concentrations of 6.6 X 1072 m had no effect
on the incorporation of [°H}dThd and [*H}uridine into DNA and
RNA, respectively. A measurable increase in the uptake of
[*H]leucine into both Colcemid- and maytansine-treated cells is
unexpected. Probably, these agents, due to their disorganizing
effects on the cytoskeleton, may increase the permeability of

FRACTION (%)

SURVIVAL

A B C [ E F

Chart 5. Etfect of maytansine (1.64 X 10~® M for 60 min) on the piating
efficiency of Hel.a cells synchronized in various phases of the cell cycle. The
number of colonies observed in the treatment is expressed as a percentage of
the untreated control for each phase of the cell cycle. A, control, a random
culture. Maytansine treatments: B, random culture; C, G, phase; D, S phase; E,
G phase; F, mitotic populations. Bars, S.D.

100

]
Q

SURVIVAL FRACTION (%)

F G H
TREATMENTS

A B CDE

Chart 6. Effect of maytansine in combination with ara-C or Adriamycin on the
survival of HelLa cells in exponential growth. The treatments included ara-C (0.8
um) for 16 hr, Adriamycin (0.2 pg/ml) for 1 hr, and maytansine (1.64 X 107° M)
for 1 hr. A, untreated control; B, ara-C treatment; C, ara-C followed by maytan-
sine; D, maytansine followed by ara-C; E, maytansine alone; F, maytansine
foliowed by Adriamycin; G, Adriamycin followed by maytansine; H, Adriamycin
alone. Bars, S.D.
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the cell membranes to [°H)leucine, thus facilitating greater
uptake and consequently greater incorporation of label into the
protein than occurs in the control. These resuits are at variance
with those of Wolpert-Defilippes et al. (12), who reported that,
in murine leukemic cells, DNA synthesis was inhibited to the
greatest extent. However, they measured the uptake of labeled
precursors into DNA, RNA, and protein by pulse-labeling of
cells that were incubated with maytansine over a period of 12
hr. A 12-hr exposure to maytansine at 10~7 M would certainly
block more than 50% of these cells in mitosis. The arrest of a
significant fraction of the cell population in mitosis would result
in a considerable reduction in the incorporation of label into
DNA, RNA, and protein when compared with untreated control
cultures.

The dose-survival curve for maytansine (Chart 2) quickly
reaches a plateau with an increase in the concentration, indi-
cating that there are 2 cell types in the population, one sensitive
and the other relatively resistant. However, with a fixed dose,
there is a direct correlation between the duration of treatment
and the percentage increase in cell kil! (Chart 3). Dose frac-
tionation studies reveal that small fractionated doses are more
cytotoxic than is a large single dose (Chart 4). The longer the
interval between the fractionated doses, the lower is the plating
efficiency up to 8 hr. These results suggest that most of the
sensitive fraction in the cell population is killed by the first
treatment, whereas the second treatment kills those that move
from a resistant to a more sensitive phase of the cell cycle.

Studies with synchronized populations reveal that cells in
mitosis are the most sensitive and those in G, are the most
resistant to this agent (Chart 5). The closer the cell is to mitosis,
the more sensitive it is to the cytotoxic effects of maytansine.
Depolymerization and inhibition of polymerization of tubulin has
been shown to account for the antimitotic effects of maytansine
(10). Since oxidation of the sulfhydryl groups in tubulin inhibits
its polymerization, the effect of maytansine may be due to its
binding to these groups (10). It is also conceivable that tubulin,
which is the most important constituent of the mitotic appara-
tus, accumulates gradually during the cell cycle reaching a
peak at the beginning of mitosis (6). Thus, cells in G, and
mitosis would have a full complement of these proteins,
whereas those in G; would have the least proteins, with S-
phase cells being intermediate. As soon as the cells were
exposed to cytotoxic doses of maytansine, the spindle protein
(tubulin) would be inactivated (depolymerized) by the irrevers-
ible binding of the drug. If the drug were removed after a brief
exposure of 60 min, cells in G, and to some extent those in S
could synthesize new tubulin and thus overcome the antimitotic
effects of maytansine. Hence, G, cells would be more resistant
to maytansine than those in other phases of the cell cycle, as
we have observed. In the light of these observations, we can
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explain the pattern of the dose-survival curve (Chart 1) as
follows. The initial sharp decrease in the plating efficiency
represents the killing of cells that were in the sensitive phases
of the cell cycle by low concentrations of maytansine. On the
other hand, the plateau is represented by the more resistant
G, fraction, which constitutes about 50% of the population and
remains unaffected over a relatively wide range otf drug con-
centrations.

In vitro evaluation of the cytotoxic effects of maytansine in
combination with ara-C revealed schedule-dependent effects
(Chart 6). Administration of maytansine following a 16-hr ara-C
treatment is more cytotoxic than the reverse sequence. This
could be due to the synchronization of cells in S phase by the
ara-C treatment. Our results (Chart 5) indicate that S-phase
cells are more sensitive than those in G;. Since Adriamycin
does not induce cell synchrony, the sequence of administration
of Adriamycin and maytansine made no difference in cell sur-
vival.
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target (Fig. 2B) or 180° out of phase with it
(Fig. 2D). In both situations the unit con-
tinued to modulate in relation to the track-
target’s velocity, increasing its rate with
the leftward movement. All 13 track-re-
lated Purkinje cells tested on all of these
paradigms showed essentially the same
pattern of firing. In the few units examined
under conditions in which the movements
of the target and chair were completely
dissociated, track-target motion relative to
earth-fixed surroundings was still the cru-
cial factor. Irregularities in firing which
are apparent as noise in the reciprocal in-
terval plots tend to obscure the correlation
with target velocity; they may reflect mi-
crovariations in the monkey’s performance
which are beyond the resolution of our
oculogram recordings but are nonetheless
significant.

That these neural correlates of visual
tracking in the primate flocculus are prob-
ably not mere epiphenomena but may in-
stead reflect some vital role in the pro-
gramming of pursuit eye movements is
suggested by the deficits which follow le-
sions in this area. Severe, and relatively
specific, impairments of smooth pursuit
eye movements are often associated with
cerebellar atrophy in man (8), and total
cerebellectomy in the mature monkey re-
sults in the permanent loss of such eye
movements (9). Deficits in optokinetic re-
sponses after bilateral flocculectomy in
monkeys have been reported, but, unfortu-
nately, the animals were not examined spe-
cifically for pursuit eye movements of the
kind under consideration here (10).

We hypothesize that Purkinje cell out-
put from the primate flocculus provides
oculomotor centers with target velocity in-
formation essential for visual tracking and
represents an output of the smooth pursuit
subsystem. In addition, we have some data
which may help explain how the flocculus
generates these velocity command signals.
Most units in the flocculus showed no evi-
dence of a CS, and we assume that they
represent one or another of the various in-
put elements known to .influence Purkinje
cells. The majority of such units fired vig-
orously in relation to saccadic eye move-
ments often with both transient and tonic
components but no apparent special con-
cern with tracking; others seemed to be
driven by vestibular inputs, modulating
nicely in phase with chair (that is, head) ve-
locity. We became aware of a class of visu-
ally driven units lacking CS’s; these were
especially sensitive to retinal image slip in
the region of the fovea and often were
more responsive to ipsilateral target move-
ments. Firing of these units may be the
putative error signal that ultimately sus-
tains pursuit eye movements. These units
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closely resemble those recently described
for the monkey’s nucleus of the trans-
peduncular tract (/1), a part of the acces-
sory optic system; at least in the rabbit,
this tract projects to the flocculus (12). Sig-
nal processing in the pursuit system may
require a precise velocity representation of
the target (/3); we propose that this is the
function of the Purkinje cells in the pri-
mate flocculus. A true neuronal facsimile
of the track target’s absolute velocity
would require the summing of three sig-
nals: velocity of the target’s retinal image
(target motion relative to eye motion),
eye velocity (eye motion relative to head
motion), and head velocity (head motion
relative to earth motion); we know that
information concerning the first and last
of these reaches the flocculus, and the
second might easily be derived from the
numerous inputs related to eye move-
ments. A possible complication arises if
the system has predictive capabilities,
since the tracking waveforms contrived in
our study were usually highly periodic
(sinusoids and linear ramps).

F. A. MILES

J. H. FULLER
Laboratory of Neurophysiology,
National Institutes of Health,
Bethesda, Maryland 20014
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Antimitotic Activity of the Potent Tumor

Inhibitor Maytansine

Abstract. Maytansine, a1 6 x 107*M, irreversibly inhibits cell division in eggs of sea ur-
chins and clams. It causes the disappearance of a mitotic apparatus or prevents one from
forming if added at early stages. Maytansine does not affect formation of the mitotic or-
ganizing center but does inhibit in vitro polymerization of tubulin. Maytansine and vin-
cristine inhibit in vitro polymerization of tubulin at about the same concentrations, but
vincristine is about 100 times less effective as an inhibitor of cleavage in marine eggs.

Maytansine, a novel ansa macrolide
(Fig. 1), isolated from various Maytenus
species, is an antitumor agent (/) that sig-
nificantly inhibits mouse P-388 lymphocyt-
ic leukemia in dosages of micrograms per
kilogram of body weight, and is active over
a 50- to 100-fold dosage range. May-
tansine also shows significant inhibitory
activity against the L-1210 mouse leuke-
mia, the Lewis lung carcinoma, and the B-
16 melanocarcinoma murine tumor sys-
tems. This agent is being tested tox-
icologically in preparation for clinical
trials (2).

We report now on the antimitotic effects
of maytansine. At a concentration of
6 x 10*M, it totally inhibited cleavage in
sea urchin eggs when applied at fertiliza-
tion (3). At 4 x 107*M, 10 to 20 percent of
the eggs divided (although cleavage was

somewhat irregular). The remaining eggs
formed irregular furrows that either did
not separate equal-sized blastomeres or
they subsequently retracted. When the
eggs were treated with 107%M (or less)
maytansine, the cleavage time, cleavage
pattern, and later development were nor-
mal.

The critical time in egg development for
inhibition of cleavage by 107 may-
tansine was determined by adding the drug
at 5-minute intervals, from the time of fer-
tilization to first cleavage. Cleavage was
totally inhibited when the drug was added
at any time during the first half of the
cleavage period; after that, an increasing
number of cells went through some form of
cleavage. However, even when the drug
was added 10 minutes prior to cytokinesis,
approximately 40 percent of the eggs did
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not cleave, and those that did, looked ir-
regular and did not cleave a second time.
When drug was added to unfertilized eggs
for at least I hour, it could be removed pri-
or to fertilization, with normal cleavage
and development following. Drug added
immediately after fertilization could be re-
moved by repeated washings in seawater
up to 20 minutes after fertilization, with
minimal effects on cleavage pattern or
rate. If removed between 20 and 30 min-
utes, irregular cleavages occurred; and if
removed 30 minutes or more after fertil-
ization, cleavage (which occurs 60 to 90
minutes after this point in controls) was
permanently inhibited. Both the minimum
concentration and critical time for total in-
hibition of cleavage were the same for the
eggs of the sea urchins Strongylocentrotus
purpuratus and Lytechinus pictus.

We investigated the possibility that the
critical process affected by maytansine is
DNA synthesis by determining the incor-
poration of [*H}thymidine (4). The rate
and amount of DNA synthesis was the
same in eggs treated continuously with
10-"M maytansine from 10 minutes before
fertilization as that in controls, even
though cleavage was totally inhibited in
treated eggs.

In sea urchin eggs treated with 107
maytansine before fertilization or starting
10 to 15 minutes after fertilization, fusion
of the male and female pronuclei never oc-
curred. A sperm aster (SA) (5) did not
form in the egg. Since this body is neces-
sary for the transport of the pronuclei to
the egg center (5), pronuclear fusion does
not occur in its absence. Further, since mi-
crotubules form an integral part of the SA
(6), these observations suggested that may-
tansine may interfere with microtubule
formation or tubulin mobilization into the
aster.

To investigate the possibility that the
drug might prevent the formation of mitot-
ic apparatuses (MA’s) as well as SA’s, we
used clam eggs (from Spisula solidissima)
because of the ease with which the MA can
be seen with a polarization microscope and
the rapidity of MA formation [the MA
starts to form about 10 minutes after
fertilization or activation (7)). Eggs treated
with 107’M maytansine in seawater were
parthenogenetically activated with KCl-
seawater solutions (7). Activation of the
eggs was normal and rupture of the nuclear
membrane occurred on schedule with drug
treatment, but an MA did not form. When
maytansine was applied as late as 10 min-
utes after activation, an MA was not ob-
tained; but eggs treated with 10-*M may-
tansine had normal MA’s (similar to those
of the controls). Examination of eggs acti-
vated in the presence of maytansine at con-
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Fig. 1. Maytansine, R' = CH; and R? = OH;
maytanbutine, R' = CH(CH,), and R? = OH;

maytanbutine  9-n-propyl thioether, R!' =

CH(CH,),and R? = SCH,CH,CH,.

centrations between 10*M and 10’M re-
vealed the following. At 3 x 10*M, the
MA was about one-half normal length and
width (Fig. 2, a and b); at 6 x 107%M (a
dose that completely blocked polar body

formation) the MA was approximately
one-third normal length and one-fourth
normal width (Fig. 2c); at 10°M a very
small birefringent MA was present in the
center of the egg and could not be seen
without compressing the egg (Fig. 2d).
Thus, maytansine regulates the size of the
MA in a dose-dependent manner.

We studied the question of whether
maytansine could affect SA’s in sea urchin
or MA’s in clam eggs once the structure
had already formed. We found that SA’s in
sea urchin eggs and already formed MA’s
in clam eggs could be made to shrink in a
dose-dependent manner by application of
maytansine. Although exact measure-
ments have not yet been made, the final
size of the MA appears to be the same
whether the MA formed in the presence of
certain concentrations of maytansine or
whether that concentration is added sub-
sequent to MA formation.

Maytansine inhibits the formation of

Fig. 2. (a) Normal cggs of the surf clam Spisula solidissima observed with a polarization microscope.
Contrast in the MA depends on its orientation relative to the axes of the microscope and can be re-
versed by rotation of the MA axis by 90° or change in angle of a compensator (x300). (b) Spisula
egg treated with 3 x 10-*M maytansine prior to activation. The MA is reduced in size; the egg will
form a first polar body, but it is considerably delayed in time (x 300). (¢) Spisula egg treated with 6 x
10-*M maytansine prior to activation. The first polar body never forms (x300). (d) Spisula egg
treated with 2 x 10-M maytansine prior to activation and compressed to visualize very small MA
still remaining in the cytoplasm (x300). (e) Spisula egg treated with 6 x 10-*M maytansine plus 3
percent HG; compare with (c). The degree of augmentation with glycols decreases with increasing
concentration of maytansine (x300). (f) Spisula egg in 2 x 10-7M maytansine treated with 3 percent
HG to “develop” the MA after 30 minutes. Double MA indicates replication of the MTOC (x300).
(g) Eggs of sea urchin S. purpuratus treated with 2 x 10~"M maytansine to eliminate SA (x190). (h)
Augmented SA in S. purpuratus eggs treated with 5 percent HG (x190). (i) S. purpuratus eggs
treated with 5 percent HG to which 4 x 10~’M maytansine is then added. SA is reduced in size in a
dose-dependent manner similar to the phenomenon in MA of clam eggs (x 190).
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the MA, either by inhibition of a mitotic
organizing center (MTOC) (8), by inter-
ference with tubulin polymerization onto
the center, or by some other mecha-
nism. We tested the possibility that it
might act on the MTOC by utilizing the
long-chain glycol hexylene glycol (HG)
since HG and other similar glycols cause
augmentation of size and birefringence of
SA’s and MA’s in a manner requiring the
presence of an active MTOC (9). For these
experiments both clam and sea urchin eggs
were treated with maytansine before, at the
same time as, or after treatment with 3
percent HG in seawater. At concentrations
of 1077M maytansine an SA or MA was
formed which was intermediate in size be-
tween normal and augmented SA’s (Fig. 2,
g to i) and MA’s; at 3 x 1077M may-
tansine, even the augmented structures
could be caused to disappear. Further,
clam eggs activated in maytansine and left
for a half hour or so show muitiple MA’s
or asters when augmented with glycols
(Fig. 2f), suggesting that replication of the
MTOC is not inactivated by the drug.
Thus, maytansine does not appear to affect
the ability of the MTOC to divide or to act
as an organizing center for tubulin assem-
bly. In this respect it acts in a manner sim-
ilar to that of colchicine (8).

We then studied the effects of may-
tansine on brain tubulin polymerization
(10), which can be used as a model for MA
tubulin (/7). Rabbit or pig brain tubulin
was prepared by a slight modification of
the method of Weisenberg (10) and puri-
fied through one or two cycles of polymeri-
zation. In each case polymerized micro-
tubules were washed in buffer by centrifu-
gation, a procedure that yields relatively
pure tubulin after one cycle of polymeriza-
tion, as judged by sodium dodecyl sulfate
gel electrophoresis. Microtubules were
depolymerized by cooling to 0°C in buffer
in which guanosine triphosphate (GTP)
was absent, and the resulting tubulin was
used in subsequent experiments. Polymeri-

zation of tubulin was followed by turbidity
increase at 310 nm (12) in a Gilford auto-
matic recording spectrophotometer at
37°C. A sample of tubulin containing
1 mM Ca?* and no added GTP was used as
a blank, and turbidity was recorded as the
difference between sample and blank. Po-
lymerization was initiated by adding GTP
to tubulin at 37°C. In initial experiments,
maytansine was added to cold tubulin. To-
tal inhibition of polymerization was found
at 107°M maytansine in tubulin solutions
of 4 to 5 mg/ml. With 5 x 10°M may-
tansine the extent of polymerization of
tubulin at 5 mg/ml was about 50 percent,
as judged by turbidity at plateau levels.
Maytansine added to polymerized tubulin
caused a rapid decrease in turbidity to lev-
els approximately the same as those at-
tained when the same concentration was
added before polymerization was started
(Fig. 3). Inhibition of polymerization is
about one-half at a mole ratio of 1 part of
maytansine to 10 parts of tubulin, and to-
tal inhibition occurs at a mole ratio of 1 to
5.

To ascertain whether the mole ratio of
maytansine to tubulin required for inhibi-
tion of in vitro polymerization could ac-
count for its antimitotic effects we as-
sumed that maytansine would equilibrate
between seawater and egg cytoplasm. The
number of tubulin subunits in an MA the
size of that of S. purpuratus is about
2 x 10%(13). Since the egg diameter is 75
pm, there should be about 1.2 x 107 mole-

cules of maytansine in each egg at 1077M .

in the seawater if the drug equilibrates, and
more if accumulation occurs. This is a ra-
tio of 1 maytansine molecule to 16 tubulin
molecules. Since brain tubulin has been
shown to be a good model for MA tubulin
(1), these results suggest that the inhibi-
tion of tubulin polymerization by may-
tansine can account for its in vivo antimi-
totic effects, given the nature of the calcu-
lations. Initial uptake experiments with
[*H]maytansine suggest a rapid accumula-

Fig. 3. Change in turbidity at 310 nm (ordinate) as a function of time.

Brain tubulin was prepared as described in the text and was resuspended
at 4.7 mg/ml (4.27 x 10-5M, assuming a molecular weight of 110,000 for
tubulin). Polymerization was followed at 37°C by recording turbidity in-
crease at 310 nm after addition of GTP (/2) with the use, as a blank, of a
sample of the same tubulin that was made 1 mM in CaCl, and which had
no added GTP (thus, polymerization was inhibited). Maytansine was
added to sample and blank at the indicated points to give the final concen-
trations shown. The plateau levels reached were the same as those at-
tained (within about 10 percent) if maytansine was added prior to initia-
tion of polymerization by GTP. The turbidity in 7.5 x 10-*M maytansine
eventually reached the baseline. In each case a portion of the sample was
checked for birefringence with a polarizing strain detector. Birefringence
only disappeared in the 7.5 x 10-*M sample when turbidity (compared to
blank) vanished. We have found that birefringence of tubulin solutions al-
ways correlates with the presence of microtubules when viewed with the
electron microscope. The ratio of tubulin to maytansine for decrease of 0
turbidity by one-half was approximately 10: | in four separate experi-

tion of maytansine by eggs although the ki-
netics are not simple. They nevertheless
suggest that enough maytansine enters the
egg to support the above analysis.

Because the report of Wolper-Defilippes
et al. (14) (which appeared as our experi-
ments were nearing completion) suggested
a relation of maytansine to vincristine in
its antimitotic effects, we compared the
two drugs for inhibition of tubulin polym-
erization in vitro and for inhibition of
cleavage in vivo. Sea urchin eggs did not
cleave in 10-°M vincristine but formed ir-
regular shallow furrows. At 5 x 10-*AM
vincristine cleavage was approximately
normal; thus, maytansine is at least 100
times more potent as an antimitotic agent
than vincristine. A difference in potency of
about 15-fold was obtained with Chinese
hamster ovary cells in culture. The molar
concentration of vincristine necessary to
inhibit polymerization of a given amount
of brain tubulin, however, is actually some-
what lower for vincristine, and the kinetics
of inhibition are very different. Colchicine
inhibits tubulin polymerization in vitro at
molar ratios even lower than that of may-
tansine (/5) but requires a minimum dose
of 10~*M or more for inhibition of cleavage
in sea urchin eggs (/6). Why such marked
differences of potency for MA inhibition in
vivo exist in the face of the ability of all
agents to inhibit brain tubulin polymeriza-
tion in vitro to approximately the same de-
gree is not known, but may be due to dif-
ferences in uptake. However, another pos-
sibility suggests itself since we have found
that oxidation of the sulfhydryl groups in
tubulin inhibits its polymerization (I/7);
conceivably maytansine acts by binding
certain key sulfhydryls of tubulin.

The latter suggestion is supported by the
readiness with which maytanbutine, a
homologous maytansine ester, alkylated n-
propane thiol to form the 9-n-propyl thio-
ether (/8). Presumably, maytansine may
alkylate protein thiols in an analogous
manner (2). We have also found that geld-

ments performed at different tubulin concentrations. The ratio for com-

plete depolymerization was approximately 5: 1.
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anamycin, an ansa macrolide closely re-
lated to maytansine (/9) but lacking the
carbinolamide functionality involved in
-SH alkylation (and which does not show
antileukemic activity), is 1000 times less
effective in inhibition of sea urchin egg
cleavage. However, at 5 x 105M geldana-
mycin affects the MA in a manner analo-
gous to that of maytansine and the effect
is reversible.

Why some tumors should be sensitive to
maytansine in vivo when it is an antimitot-
ic agent which can also inhibit normal cells
is not clear. We know of no evidence that
tubulin of tumor cells differs from that of
normal cells. However, microtubules have
been implicated in certain cell surface re-
lated processes in lymphocytes, polymor-
phonuclear leukocytes, and other cells
(20); and, since tumor cell surfaces differ
from those of normal cells (21), it is not
unlikely that specificity resides in such cell
surface properties.

STEPHEN REMILLARD
LI1ONEL I. REBHUN
Department of Biology, ’
University of Virginia,
Charlottesville 22903
GaRry A. Howig, S. Morris KUPCHAN
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Cancer by County: New Resource for Etiologic Clues

Abstract. Mapping of U.S. cancer mortality by county has revealed patterns of etiolog-
ic significance. Thé patterns for bladder cancer in males point to industrial determinants:
some are known (chemical manufacturing ) but others (automobile and machiriery manu-
facturing | represent new leads for epidemiologic study. By contrast, the geographic clus-
ters of high rates of stomach cancer in both sexes are consistent with ethnic susceptibility.

Geographic variation in cancer mortali-
ty in the United States has usually been
evaluated on a state-by-state basis. The
paucity of clues to. cancer etiology arising
from such surveys can be traced to the het-
erogeneity of statewide populations. Coun-
ties may provide a compromise, as units
small enough to be homogeneous for de-
mographic and environmental character-
istics that might influence cancer risk, and
yet large enough for stable estimates ‘of
site-specific cancer mortality. We have
made some preliminary observations that
illustrate the value of county mortality
measurements in providing leads to the
origins of cancers.

We obtained age-, race-, and sex-specific
numbers of cancer deaths for the 3056
counties of the contiguous United States
over a 20-year period, 1950-1969, from
the National Center for Health Statis-
tics, Rockville, Maryland. Corresponding
county populations were provided by the
1950, 1960, and 1970 censuses (1), with in-

Table 1. Industrial categories in which the per-
centage of men employed in counties where the
bladder cancer risk is high differed significantly
(P < .05) from the percentage of men employed
nationwide. See text for method of selecting
high-risk counties. Abbreviations: Exp., ex-
pected; Obs., observed,

Percentage of
employed men
In
Indust In high-
ndustry the sk QOps.
US. coun- o
(Exp) ties EXP
(Obs.)
Agriculture 15.8 4.2 0.3
Mining 22 0.3 0.1
Manufacturing 27.0 42.2 1.6
Furniture, lumber, 2.7 1.4 0.5
wood
Nonelectrical 2.8 6.3 23
machinery
Electrical 1.3 2.8 2.2
machinery
Motor vehicles 1.9 48 2.5

tercensal estimates derived by linear inter-
polation. For 35 cancer sites, we calculated
age-standardized mortality rates by race
and sex in each county, the standard being
the age distribution of the eritire U.S. pop-
ulation in 1960. Ninety-five percent con-
fidence intervals were computed using the
standard error of the age-standardized rate
as determined by the method of Chiang
(2). Differences between the county and na-
tional rates were statistically significant
when the 95 percent confidence intervals
for these rates did not overlap. Tabulatioris
of cancer mortality rates by county were
recently compiled (3).

Although population-based mortality
data are a crude means of testing hypothe-
ses concerning public health hazards, geo-
graphic correlations with environmental
measurements can be done quickly and in-
expensively, and may be a valuable first
step in evaluating possible dangers. In this
manner we have assessed cancer mortality
patterns among people residing where
drinking water is contaminated by as-
bestos (4), where homes are built on radio-
active tailings from uranium mines (5), and
where the chemical industry is highly con-
centrated (6).

The major contribution of the county re-
source, however, is in hypothesis for-
mulation, namely the detection of geo-
graphic clustering that suggests etiologic
clues, which can then be pursued by epi-
demiologic studies of an analytical type.
Computer-generated maps were produced
to visualize the spatial configuration of
cancer mortality by county. We first
plotted the distribution for bladder cancer,
the tumor most strongly linked to occupa-
tional exposures (7). In white males there
were clusters of elevated mortality in heav-
ily industrialized areas (Fig. 1), a pattern
that was not duplicated in females. The
clusters in males suggest industrial hazards
that should be evaluated.

To further characterize the possible haz-
ards, we selected for correlation analysis a
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Growth Regulation of Human Breast and Ovarian Tumor Cells by Heregulin:
Evidence for the Requirement of ErbB2 as a Critical Component in

Mediating Heregulin Responsiveness

Gail D. Lewis, Julie A. Lofgren, Amy E. McMurtrey, Andrew Nuijens, Brian M. Fendly, Kenneth D. Bauer, and

Mark X. Sliwkowski®

Genentech, Inc., South San Francisco, California 94080

ABSTRACT

Alterations in the expression of the epidermal growth factor (EGF)
receptor ErbB family are frequently encountered in a number of human
cancers. Two of these receptors, ErbB3 and ErbB4, are known to bind a
family of related proteins termed heregulins (HRGs) or neu differentia-
tion factors. In biologically relevant systems, interaction of HRG with
ErbB3 or ErbB4 results in the transactivation of ErbB2. In this report, we
show that ErbB2 is a critical component in mediating HRG responsiveness
in a panel of human breast and ovarian tumor cell lines. Because HRGs
have been reported to elicit diverse biological effects on cultured cells,
including growth stimulation, growth inhibition, and induction of differ-
entiation, we systematically examined the effect of rHRGB1 on tumor cell
proliferation. HRG binding studies were performed with a panel of breast
and ovarian tumor cell lines expressing a range of levels of ErbB2. The
biological responses to HRG were also compared to EGF and to the
growth-inhibitory anti-ErbB2 antibody, 4D5. In most cases, HRG stimu-
Jation of DNA synthesis correlated with positive effects on cell cycle
progression and cell number and with enhancement of colony formation
in soft agar. On each cell line tested, the HRG effects were distinguishable
from EGF and 4D5. Our findings indicate that HRG induces cell prolif-
eration in a number of tumor cell lines. In addition, we show that methods
for measuring cell proliferation, as well as experimental conditions, are
critical for determining HRGs effect on tumor cell growth in vitro.

INTRODUCTION

Clinical interest in the ErbB family of receptor tyrosine kinases
stems from the observations that these receptors are frequently over-
expressed in a number of human cancers (1-5). Five different gene
products are known to activate the prototypical member of this family,
EGFR.2 In several different tumor types, the coexpression of EGFR
with one of its cognate ligands, transforming growth factor a, has
been correlated with greater metastatic potential (6, 7). A second
group of ligands, which collectively have been termed neuregulins,
are known 1o arise from alternative splicing of a single gene mapped
to human chromosome 8p22-p11 (8, 9). This family of proteins which
includes HRG (10), NDF (11, 12), gp30 (13, 14), acetylcholine
receptor-inducing activity (15), glial growth factor (16), and sensory
and motor neuron-derived factor (17) are ligands for ErbB3 and
ErbB4 (18). One hallmark of this class of receptors is their propensity
for heterodimerization, which upon ligand stimulation can lead to
transphosphorylation and ultimately transactivation (19). To date, no
ligands have been characterized, to the extent that their cDNA clones
have been obtained, that specifically interact with ErbB2. ErbB2 is,
however, frequently transactivated by either EGFR ligands or neu-
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regulins, and in several instances, the activation of ErbB2 has been
shown to be essential for the generation of an active receptor signaling
complex (20-22).

The importance of ErbB2 as a negative prognostic indicator in
breast (23) and ovarian (24) cancer is now well established (25). Since
HRG (10) and NDF (11) were originally identified based on their
ability to activate ErbB2, it is of interest to determine the biological
outcome of this activation on the growth of human breast and ovarian
tumor cells. To address this question, we have undertaken a system-
atic study of HRG responsiveness using a panel of human breast and
ovarian tumor cell lines with known ErbB2 levels. These cell lines
were then characterized with regard to both their affinities and capac-
ities to bind HRG. Antibodies directed against ErbB2 were used to
determine if ErbB2 was essential in mediating HRG interactions with
ErbB3 or ErbB4. To determine whether HRG treatment of these tumor
cell lines resulted in cell proliferation (10) or growth inhibition (12,
26), we performed these assays under a series of well-defined exper-
imental conditions and using a number of different assay formats. In
addition, HRG responses were compared to EGF and a cytostatic
monoclonal antibody directed against ErbB2, 4D5 (27, 28). Our
conclusions from these studies are that ErbB2 plays a critical role in
mediating HRG responsiveness over a wide range of ErbB2 expres-
sion levels. Cellular responses to exogenous HRG under carefully
controlled experimental conditions are cell specific but, in general,
result in the proliferation of human breast and ovarian tumor cells.
These studies suggest that development of HRG antagonists or com-
pounds that target HRG receptors may find clinical utility in the
treatment of a number of important human cancers.

MATERIALS AND METHODS

Cells and Cell Culture. The following cell lines were obtained from the
American Type Culture Collection: MCF7, SK-BR-3, MDA-MB-175-VII,
MDA-MB-231, MDA-MB-361, MDA-MB-453, MDA-MB-468, BT-474,
HBL-100, T47D, BT-20, BT-483, Caov3, and SK-OV-3. For all experiments,
cells were used between passages 5 and 15. All lines were maintained in Ham’s
F-12:DMEM (50:50) supplemented with 10% heat-inactivated FBS and 2 mM
L-glutamine.

HRG Binding Assays. Tumor cells were plated in 24-well plates at 10
cells/well in F12/DMEM containing 10% FBS. After 48 h, the cultures were
washed two times with F1I2/DMEM. Cells were placed on ice and briefly
incubated with binding buffer (0.1% BSA in FI2/DMEM). 125]_jabeled
tHRGBI 77244 (5 PM to 2 nM) was then added to each well. Binding reactions
were performed for 4 h on ice. Kinetic studies showed that equilibrium was
obtained at 4 h, and no significant changes in binding constants were observed
if the reactions were conducted up to 16 h. Cells were then washed twice with
0.5 m] binding buffer, and bound radioactivity was determined after solubili-
zation with 0.1% SDS in 0.1 N NaOH or with 8 M urea in 3 M acetic acid.
Scatchard analysis was performed as described previously (10, 29). The values
reported in Table 1 for these binding experiments are the average of three
different binding experiments, each of which consisted of triplicate incubations
for each concentration of '2’I-labeled tHRGBI,7;_344 tested. Error values for
both K, and sites/cell were on the order of 10% or less for each binding
experiment.
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Inhibition of HRG binding to tumor cell lines by anti-ErbB2 antibodies were
also performed on ice with monolayer cultures in a 24-well-plate format.
Anti-ErbB2 monoclonal antibodies were added to each well and incubated for
30 min. '*I-labeled tHRGBI 77 544 (25 pM) was added, and the incubation
was continued for 4 to 16 h. For several cell lines, incubations were performed
for 4 h, since longer incubations at reduced temperatures resulted in cells
detaching from the plate.

Tyrosine Phosphorylation Assays. MCF7 cells were plated in 24-well
plates as described above for HRG binding experiments. Monoclonal antibod-
ies to ErbB2 were added to each well and incubated for 30 min at room
temperature; then tHRGPB1,7_y.4 Was added to each well for a final concen-
tration of 0.2 nM, and the incubation was continued for 8 min. Media was
carefully aspirated from each well, and reactions were stopped by the addition
of 100 ul of SDS sample buffer (5% SDS, 25 mm DTT, and 25 mMm Tris-HCl,
pH 6.8). Each sample (25 ul) was electrophoresed on a 4-12% gradient gel
(Novex) and then electrophoretically transferred to polyvinylidene difluoride
membrane. Antiphosphotyrosine (4G10, from UBI, used at 1 pg/mil) immu-
noblots were developed, and the intensity of the predominant reactive band at
M, ~180,000 was quantified by reflectance densitometry, as described previ-
ously (10, 29).

Cell Proliferation Determined by [*H]Thymidine Incorporation into
DNA. Cells were seeded into 96-well plates at a density of 10%well for
treatments up to 3 days and 5 X 10%/well for the 6-day incubation. Following
an overnight incubation to allow for cell adherence, the medium was removed
and replaced with medium containing 0.1% FBS to growth arrest the cells.
After a 48-h incubation, this medium was replaced with medium containing
0.1, 1.0, or 10% FBS and rtHRGp! (5 pM-10 nM), 3 nM EGF (Sigma Chemical
Co.), or 10 pg/ml (65 nM) of the anti-ErbB2 monoclonal antibody 4D5 (27, 28,
30). The cells were then incubated for 0.5, 1, 3, or 6 days, pulsed with 1
uCi/well [*H]thymidine (Amersham) for 4 h, and harvested onto Unifilter
GF/C plates (Packard Instrument Co.) using a Packard Filtermate 196 har-
vester. After allowing the filter plates to dry, MicroScint 20 liquid scintillation
cocktail (Packard) was added to each well; then the plates were heat-sealed and
counted in a Packard Topcount.

Cell Cycle Analysis. Cells were plated at a density of 2 X 10° cells/dish in
60 X 15-mm culture dishes and allowed to adhere overnight. The monolayers
were then washed with PBS and incubated with medium containing 0.1% FBS
for 48 h to arrest cell growth. The medium was removed and replaced with
medium supplemented with 0.1, 1.0, or 10% FBS alone or containing 0.3 nm
rHRGpI, 3 nM EGF, or 65 nMm 4D5. After a 1-day incubation, the cells were
trypsinized, washed with PBS, fixed in ice-cold methanol, and stored at
~20°C. The fixed cells were then washed twice with PBS and incubated with
100 pg/ml RNAse (Worthington Biochemical) for 30 min at 37°C. The RNAse
was removed by centrifuging the cells, and the pellet was incubated with 50
pg/ml propidium iodide (Molecular Probes, Inc.) in PBS for DNA staining.
The samples were then incubated overnight at 4°C and analyzed on an Epics
Elite flow cytometer (Coulter Corporation) using Modfit LT software (Verity
Software House).

Cell Proliferation Assay with Crystal Violet. Tumor cells were plated at
a density of 2 X 10%well in 96-well plates in media containing 0.1% FBS and
allowed to adhere for 2 h. Monoclonal antibodies (10 nM) or media alone were
added, and the cells were incubated for 2 h at 37°C. rHRGf1 (0.3 nM) was then
added, and the cells were incubated for 3 days. Monolayers were then washed
with PBS and fixed/stained with 0.5% crystal violet. Plates were air dried, the
dye was eluted with 0.1 M sodium citrate (pH 4.2) in ethanol (50:50), and the
absorbance was read at 540 nM to determine cell viability (30).

Determination of Cell Number. Cells were plated as described for the
[*H]thymidine assays. After each incubation, the monolayers were washed
once with PBS, cells were detached with trypsin, and viable cells were counted
by trypan blue dye exclusion.

Quantification of Cell Proliferation by Anchorage-independent Growth
in Soft Agar. Cells were seeded in 60 X 15-mm dishes onto a bottom layer
of 0.5% Bacto-agar (Difco) at the following densities: 10*/dish for SK-OV-3;
2 X 10%dish for MCF7, SK-BR-3, MDA-MB-231, BT-474, and HBL-100;
and 10%/dish for MDA-MB-361, MDA-MB-453, and MDA-MB-468. A top
layer of 0.25% agar in medium containing 0.3 nM rHRGSI or 3 nm EGF or
medium alone (as a control) was added to each dish. After 2—4 weeks, colonies
were stained with 250 pg/dish 3-[4,5-dimethylthiazol-2-y1]}-2,5-diphenyltetra-
zolium bromide (Sigma Chemical Co.) and enumerated using an Omnicon

3600 Tumor Colony Image Analysis System (Imaging Products International,
Inc.).

RESULTS

Determination of HRG Binding. Using '**I-labeled rHRGB!,,,_
244 to perform direct binding experiments, we determined both the
affinity and the number of HRG receptors by Scatchard analysis on 13
different cell lines of breast and ovarian origin. A summary of these
data is shown in Table 1. For each of these cell lines, the binding data
could be fit to a single class of high affinity binding sites. Only the
immortalized human mammary epithelial cell line, HBL-100, lacked
detectable HRG binding. Very low (<10,000 receptors/cell) HRG
binding could be detected on the ovarian cell line SK-OV-3 and the
breast tumor cell lines MDA-MB-175-VII, MDA-MB-468, and BT-
20. The following breast cancer cell lines, MCF7, MDA-MB-361,
T47D, and BT-483, and the ovarian cancer cell line Caov3 were found
to have between 10,000-22,000 receptors/cell, and these cell lines
were arbitrarily characterized as containing intermediate levels of
HRG binding sites. Cell lines having high numbers of HRG binding
sites (i.e., >25,000 receptors/cell) were SK-BR-3, MDA-MB-453,
and BT-474. Previously, we have determined that in the absence of
ErbB2, ErbB3 binds HRG with a binding affinity of 0.9-2 nM (31).
When COS7 cells or NIH3T3 cells coexpress ErbB2 with ErbB3, a
higher affinity binding site of ~20 pMm is observed (29, 32). Using a
similar COS7 cell system, Tzahar er al. (33) have reported recently
that NDF binds to ErbB4 and ErbB3 with K;s of 1.5 and 8 nm,
respectively. These authors speculated that the difference in the bind-
ing constants may be related to cell-specific determinants or are due
to the preparation or radiolabeling of the recombinant ligands. Re-
cently, we have determined that ErbB4 or ErbB3 binds HRG with
similar affinity, if either is expressed singly in cells of hematopoietic
origin in the absence of any other ErbB receptors.® The average K, for
the 12 cell lines shown in Table | that exhibit HRG binding is 99 * 14
pM. The binding constants shown in Table 1 are at least an order of
magnitude higher in affinity than what has been reported for ErbB3 or
ErbB4 alone. These data suggest that other components besides ErbB3
or ErbB4 are contributing to the formation of a high affinity HRG
binding site on these cells.

Monoclonal Antibodies to ErbB2 Block HRG Binding to Breast
and Ovarian Tumor Cells. Based on our previous observations with
COS7 cells expressing ErbB3 and ErbB2, as well as our experience
with human Schwann cells, we hypothesized that the high-affinity
HRG receptors present on these tumor cells were the result of het-
erodimer formation of ErbB3 with ErbB2 or possibly ErbB4 with
ErbB2 (21, 29). To evaluate whether ErbB2 contributes to the forma-
tion of this high-affinity HRG binding site on human tumor cells, we
surveyed a panel of well-characterized anti-ErbB2 antibodies (28) for
their ability to inhibit HRG-stimulated tyrosine phosphorylation of
proteins in the M, 180,000 range from whole-cell lysates of MCF7
cells. MCF7 cells are reported to express all known ErbB receptors,
but at relatively low levels (34). Since ErbB2, ErbB3, and ErbB4 have
nearly identical molecular sizes (35, 36), it is not possible to discern
which protein is becoming tyrosine phosphorylated when whole-cell
lysates are evaluated by Western blot analysis. However, these cells
are ideal for HRG tyrosine phosphorylation assays because under the
assay conditions used, in the absence of exogenously added HRG,
they exhibit low to undetectable levels of tyrosine phosphorylation
proteins in the M, 180,000 range. As shown in Fig. 14, several of
these antibodies, including 2C4, 7F3, and 4DS5, significantly inhibited

3 R. W. Akita, N. Chiang, L. Bald, G. Schaefer, B. M. Fendly, and M. X. Sliwkowski.
Allosteric modulation of heregulin binding to ErbB3, manuscript in preparation.
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Table | HRG receptors on human tumor cell lines

Direct binding of '2°I-labeled rHRGB!;77_344 to tumor cells. Breast and ovarian
cancer cell lines were plated in 24-well plates at an initial density of 10° cells/well and
allowed to grow for 48 h. The cultures_were washed twice with FI2/DMEM and then
placed on ice to thermally equilibrate. 1251 labeled rHRGPBI 77244 (5 PM 10 2 nM) was
then added to each well. Binding reactions were performed for 4 h on ice. Scatchard
analysis was performed as described previously (10, 29). The values reported are the
average and SD for three different binding exgeriments, each of which consisted of
triplicate incubations for each concentration of 1250 1abeled rHRGBI ;77244 tested. Error
values for both K, and sites per cell were <10% for each binding experiment. The cell
number was determined by trypan blue exclusion.

ErbB-2

Cell line K4 (pM) Sites/cell expression”
HBL-100 ND* ND Normal/low
SK-OV-3 84+ 18 2500 * 440 +++
MDA-MB-175 232 + 103 2900 * 1700 +
MDA-MB-468 68*6 4000 * 500 ND
BT-20 57*3 7300 * 400 Normal/low
MCF7 91 *16 12,700 £ 1300 Normal/low
MDA-MB-361 873 14,500 * 1000 ++
T47D 81+8 15,900 + 800 +
BT-483 81 *+6 20,100 * 1000 Normal/low
Caov3 1403 21,700 * 1200 Normal/low
SK-BR-3 54 %8 27,300 £ 1500 +4++
MDA-MB-453 76 +3 29,000 =+ 500 ++
BT-474 13725 34,600 * 2200 +++

9 Values taken from Lewis et al. (30).
£ ND, not detected.

the generation of a HRG-induced tyrosine phosphorylation signal at
M, 180,000. In the absence of HRG, none of these antibodies were
able to stimulate tyrosine phosphorylation of proteins in the M,
180,000 range (data not shown). Also, these antibodies do not cross-
react with EGFR (28), ErbB3, or ErbB4.* Antibodies 2C4 and 7F3
significantly inhibited HRG stimulation of p180 tyrosine phosphoryl-
ation to <25% of control. However, 4D5 was able to block HRG
stimulation of tyrosine phosphorylation by ~50%. Previously, 2C4
and 7F3 were assigned the same ErbB2 epitope as reported in the
original characterization of this antibody panel, and this epitope is
different than that recognized by 4D5 (28). Fig. 1B shows dose-
response curves for 2C4 or 7F3 inhibition of HRG stimulation of p180
tyrosine phosphorylation as determined by reflectance densitometry.
Evaluation of these inhibition curves using a 4-parameter fit yielded
an ICy, of 2.8 * 0.7 nM and 29.0 * 4.1 nM for 2C4 and 7F3,
respectively. Varying concentrations of 2C4 or 7F3 were incubated
with MCF?7 cells in the presence of '**I-labeled rHRGp1, and the
inhibition curves are shown in Fig. 1C. Analysis of these data yielded
an ICy, of 2.4 = 0.3 nm and 19.0 = 7.3 nM for 2C4 and 7F3,
respectively. A maximum inhibition of ~74% for 2C4 and 7F3 are in
agreement with the tyrosine phosphorylation data. We concluded from
these experiments that in MCF7 cells, ErbB2 was critical for HRG
stimulation of tyrosine phosphorylation and was an important com-
ponent for high-affinity HRG binding.

It was of interest to determine whether the effect of the anti-ErbB2
antibodies observed on MCF7 was a general phenomenon. To address
this question, human tumor cell lines were incubated with 2C4 or 7F3
and the degree of specific '*I-labeled rHRGB! binding was deter-
mined. The results from this study are shown in Fig. 2. Binding of
125_jabeled rHRGB1 could be significantly inhibited by either 2C4 or
7F3 in all cell lines, with the exception of the breast cancer cell line
MDA-MB-468, which has been reported to express little (37) or no
ErbB2 (30, 38). The remaining cell lines are reported to express
ErbB2, with the level of ErbB2 expression varying widely among
these cell lines (30, 38). In fact, the range of ErbB2 expression in the
cell lines tested varies by more than 2 orders of magnitude. For

4 L. Bald, M. X. Sliwkowski, R. Akita, N, Chiang, C. Wirth, R. Taylor, N. Dybdal, and
B. M. Fendly. Deciphering heregulin-mediated signaling through ErbB4: application of
anti-ErbB4 monoclonal antibodies, manuscript in preparation.

example, BT-20, MCF7, and Caov3 express ~10* ErbB2 receptors/
cell, whereas BT-474 and SK-BR-3 express ~10° ErbB2 receptors/
cell (30). Given the wide range of ErbB2 expression in these cells and
the data in Fig. 2, it was concluded that the interaction between ErbB2
and ErbB3 or ErbB4, was itself a high-affinity interaction that takes
place on the surface of the plasma membrane. At present, it is unclear
whether these complexes involving ErbB2-ErbB3 or ErbB2-ErbB4
are preexisting in the absence of HRG or whether the association with
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Fig. 1. Effect of anti-ErbB2 antibodies on tHRGB1 activation of MCF7 cells. A, effect
of the anti-ErbB2 antibodies on the generation of a phosphotyrosine signal at M 180,000.
Antiphosphotyrosine immunoblots were developed as described in “Materials and Meth-
ods,” *, immunoreactive bands that result from the interaction of the murine monoclonal
antibody with the secondary antibody detection system. B, dose-response curves for 2C4
or 7F3 inhibition of HRG stimulation of tyrosine phosphorylation. C, dose-response
curves for the inhibition of '2°I-labeled rHRGPI,77_,44 binding to MCF-7 cells by 2C4
or 7F3; bars, SE.
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257 R H Control
W 2C4
20~ 7F3
. MAb-control
5

Fig. 2. Inhibition of specific '*I-labeled THRGB! 77.
244 binding to a panel of human tumor cell lines by the
anti-ErbB2 monoclonal antibodies 2C4 or 7F3. Mono-
clonal antibody-controls are isotype-matched murine
monoclonal antibodies that do not block tHRG binding.
Nonspecific '**I-labeled tHRGP 77_244 binding was de-

Bound/Total X 100

.
termined from parallel incubations performed in the pres- ~
ence of 100 nM rHRGp1. Values for nonspecific '*1- §
labeled rHRGPB1 77244 binding were less than 1% of the ~
total for all of the cell lines tested; bars, SE. N
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ErbB2 is driven by the formation of HRG-ErbB3 or HRG-ErbB4
complexes.

Stimulation of Mitogenesis by HRG in Human Tumor Cells.
We initially reported that HRG stimulated the growth of SK-BR-3
breast tumor cells as measured by crystal violet staining (10). Having
determined the levels of HRG receptors in a number of different
human tumor cell lines, we examined the mitogenic response of these
cells to rHRGB1. Dose-response curves consisting of 5 pM-10 nM
rHRGp! in different serum concentrations were generated for all of
the cell lines listed in Table 1. Prior to treatment with rHRGg1, cells
were growth arrested by incubation in medium containing 0.1% FBS
for 48 h. Fig. 3 shows typical curves for three breast tumor cell lines
after treatment for 3 days. MCF7 responsiveness to rHRGB1 was
dependent on serum concentration in the assay medium. When as-
sayed in 0.1% FBS, MCF7 cells showed a 4-5-fold stimulation of
{*H]thymidine incorporation after treatment for 1 day (data not
shown) and 3 days (Fig. 3a), with the maximal response occurring
between 0.1 and 1 nM rHRGpI, consistent with the affinity constant
shown in Table 1. rHRGpI also stimulated DNA synthesis 2-2.5-fold
in 1% FBS but had no effect in 10% FBS (Fig. 3a). A likely
explanation for this effect is that MCF7 cells contain high levels of
estrogen receptors (39) and, in the absence of other exogenously
added growth factors, requires estrogen for growth (40). Alternatively,
the presence of peptide growth factors such as insulin-like growth
factor-1 may reduce cellular responses to HRG (41). Sufficient quan-
tities of these factors are present when cells are cultured in 10%
serum; however, 0.1% serum is not sufficient. In low serum concen-
trations, HRG activation of ErbB receptor pathways is then sufficient
for stimulating mitogenic activity. These data are consistent with
those reported recently by Pietras et al. (42), which demonstrate a
direct interaction between HRG-mediated activation of ErbB path-
ways and cross-talk with estrogen receptor pathways. In contrast, the
ErbB2 overexpressing breast tumor cell lines, SK-BR-3 and MDA-
MB-453, showed enhanced incorporation of [*H]thymidine in a se-
rum-dependent manner after 1 day of treatment with tHRGS! (data
not shown) and after 3 days of treatment (Fig. 3, b and c). Although
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there was no effect in 0.1% FBS, [*H]thymidine incorporation in-
creased in cells exposed to rHRGp! in | or 10% FBS.

Comparison of the HRG Response to EGF and 4DS. Since
responsiveness of a number of tumor cell lines to either EGF or the
anti-ErbB2 monoclonal antibody 4D5 has been extensively studied,
we compared treatment of these cell lines with either EGF or 4D5
under identical conditions as a comparison to tHRGpI. In vitro, EGF
inhibits the growth of tumor cell lines such as MDA-MB-468 (43) and
Ad431 (44, 45), both of which overexpress EGFR. Conversely, cells
that express normal/low or moderate levels of EGFR are frequently
growth-stimulated by exogenous EGF (39). Inhibition of cell growth
by 4D5 is dependent on the expression level of ErbB2 (30), i.e., 4D5
is cytostatic only for cells that overexpress ErbB2. Using a 3-day
assay, the data in Fig. 4 show that the changes in [*H]thymidine
incorporation in these cell lines were distinct, depending on the
treatment conditions. rHRGB1 stimulated thymidine incorporation in
MCF7, SK-BR-3, BT-474, MDA-MB-453, MDA-MB-361, T47D,
and BT-20 cells at all serum concentrations tested. However the
magnitude of the response varied, depending on the serum concen-
trations present in the assay. In contrast, EGF (3 nM) stimulated
[*H]thymidine incorporation in HBL-100, T47D, BT-20, and SK-
OV-3 cells under all conditions tested. Both rHRGB1 and EGF
stimulated MCF7 cells in both 0.1% and 1% FBS, although the
magnitude of the response was less with EGF than with tHRGB1. 4D5
had no effect on this cell line, as reported previously (30). DNA
synthesis was inhibited by EGF and, more potently, by 4DS in
SK-BR-3 cells at all serum concentrations tested. Similarly, [*H]thy-
midine incorporation in BT474, MDA-MB-453, and MDA-MB-361
breast tumor cells was also inhibited by 4D5 since these cell lines
overexpress ErbB2. rHRGB1 and 4D5 did not affect [*H]thymidine
incorporation in the MDA-MB-231 and MDA-MB-468 breast tumor
lines. Consistent with previous reports (43), EGF was inhibitory for
MDA-MB-468 cells. No significant changes in MDA-MB-231 cells
were detected with either tHRGBI, EGF, or 4D5 under the conditions
tested.
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Fig. 3. Stimulation of DNA synthesis by rHRGB1. MCF7 (A), SK-BR-3 (B), and
MDA-MB-453 (C) breast tumor cells were plated at a density of 10* cells/well in 96-well
microtiter plates and allowed to adhere ovemight. The medium was then replaced with
low serum medium (0.1% FBS) to growth arrest the cells. After 48 h, this medium was
removed, and the cells were treated with different concentrations of rtHRGB! in medium
supplemented with 0.1 (@), 1 (W), or 10% FBS (A) for 3 days. At the end of each
incubation, the cells were radiolabeled with 1 pCi/well [*H]thymidine for 4 h, then
harvested onto filter plates for scintillation counting. The data are expressed as the mean
cpm of 4-8 replicates; bars, SE.

Cell Cycle Changes Induced by rHRGg1, EGF, and Murine
Monoclonal Antibedy 4D5. To further characterize the effects of
rHRGg1, EGF, and 4D5 on tumor cell growth, analyses of cell cycle
phase fraction distributions were performed. MCF7, SK-BR-3, and
MDA-MB-453 breast tumor cells were serum starved and then treated
for 1 day with 0.3 nm tHRGBI, 3 nM EGF, or 66 nM 4D5 in 0.1, 1, or
10% FBS. Fig. 5 shows the results presented as the fraction of cells in

S phase as an indicator of proliferative status measured at ~30 h
following treatment. For both MCF7 and SK-BR-3 cells, the changes
in the percentage of S-phase cells after each treatment correlates well
with the effects on [*H]thymidine incorporation (Fig. 3). rHRGpB1
caused a 3-fold increase in the percentage of MCF7 cells in S-phase
in 0.1% FBS. EGF treatment induced a smaller proportion of cells to
enter S phase in 0.1 and 1% FBS (1.6- and 1.3-fold, respectively),
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Fig. 4. Comparison of the response of different breast and ovarian tumor cell lines to
rHRGpI, EGF, and 4DS. Mitogenic assays were performed as described in Fig. 3. Cells
were treated with 0.37 nm rHRGB!, 3 nm EGF, or 66 nM 4D5 in medium containing 0.1%
(A), 1% (B), or 10% (C) FBS for 3 days. The data are expressed as the percentage of
[*H)thymidine incorporation (mean of 4-8 replicates; bars, SE) as compared to untreated
control cells.
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while 4D5 had no effect. With SK-BR-3 cells, rtHRGpS! stimulation of
the percentage of cells in S phase was enhanced with increasing serum
concentration (1.5-1.8-fold). EGF had an inhibitory effect in 0.1 and
1% FBS, and as expected, 4D5 decreased the percentage of S-phase
cells at all concentrations of serum. MCF7 and SK-BR-3 cells were
also treated for 3 days with rHRGp1 with similar results. In contrast,
the fraction of cells in S phase in the MDA-MB-453 cell line upon
exposure to rHRGB1 did not differ from controls in the three serum
concentrations tested at 30 h. These results are different from the data
shown in Fig. 4, where tHRGB1 increased the incorporation of
[*H]thymidine in the MDA-MB-453 cells in | and 10% FBS. On the
other hand, EGF and 4D5 have similar effects on both [*H]thymidine
incorporation and cell cycle progression. As expected, EGF-treated
MDA-MB-453 cells were not different from control, since this cell
line expresses little or no detectable EGFR (30, 38), whereas treat-
ment with 4D5 reduced the number of S-phase cells. In contrast to
previous reports (11, 26, 46), upon HRG treatment, there was no
suggestion of a G,-M growth arrest nor was there evidence for
induction of a ploidy abnormality. Explanations for these discrepan-
cies can likely be attributed to differences in the purity of the NDF
preparations or the particular cell lines being used in these earlier
studies.

Effect of rHRGB1 on Cell Number. Because of the discrepancy
between the MDA-MB-453 [*H]thymidine incorporation and cell
cycle experiments, it was necessary to determine actual cell number
after THRGpI treatment. Fig. 6 shows that the effects of THRGSB! on
MCF7 and SK-BR-3 cell number are in agreement with the data in
Figs. 3 and 5. The MCF7 breast tumor cells show the greatest increase
in cell number to rtHRGpI after 3 days of treatment in 0.1% FBS,
while proliferation of SK-BR-3 cells is increased in higher serum
concentrations. There was no change in MDA-MB-453 cell number
after exposure to 0.3 nm rHRGf1 in 0.1, 1, or 10% FBS. Therefore,
it appears that the incorporation of [*H]thymidine in this cell line is
not an indicator of DNA synthesis and cell proliferation. These results
are in agreement with those reported earlier for the response of
MDA-MB-453 cells to concentrated conditioned medium containing
recombinant NDF (25). Our data for the responsiveness of MDA-MB-
453 and SK-BR-3 cells differ from those reported earlier for NDFa
(12) or purified natural gp30, which has been shown to be related to
HRG/NDF (14, 26).
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Fig. 5. Effects of rHRGBI1, EGF, and 4D5 on cell cycle progression in MCF7,
SK-BR-3, and MDA-MB-453 breast tumor cells, Each treatment was done in triplicate, as
described in “Materials and Methods.” The data shown are pooled from three to four
separate experiments; bars, SE.
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Fig. 6. Effect of rtHRGB1 on MCF7, SK-BR-3, and MDA-MB-453 cell number. Cells
were treated as in Fig. 1, except at the end of the incubation, the monolayers were
detached with trypsin, and viable cells were counted by trypan blue dye exclusion.

HRG Stimulation of Tumor Cell Growth Is Inhibited by Anti-
ErbB2 Monoclonal Antibodies 2C4 and 7F3. Since 2C4 and 7F3
are cytostatic for cells that overexpress ErbB2 (30), we could not test
the antagonist effect of 2C4 or 7F3 on HRG-induced growth of cells
that overexpress ErbB2. The effect of 2C4 or 7F3 on three cell lines
that express low/normal levels of ErbB2 is shown in Fig. 7. MCF7 and
T47D are breast cancer cell lines that are known to express low to
intermediate levels of all ErbB receptors (34, 36, 39). Although ErbB4
is not expressed in the ovarian cancer cell line Caov3 (35), other ErbB
receptors are present (30) (data not shown). The effect of 2C4 or 7F3
on rHRGp1 stimulation of cell growth using a 3-day crystal violet
assay format is shown in Fig. 7. In each case, rHRGB1-mediated
growth was inhibited by 2C4 or 7F3 to levels close to those observed
without HRG treatment. The results observed with 2C4 or 7F3 are
similar to those reported recently by Graus-Porta et al. (22), using a
version of T47D cells engineered to sequester ErbB2 in the endoplas-
mic reticulum with a single-chain anti-ErbB2 antibody. These data are
also similar to those obtained when rHRGpB1 was tested in combina-
tion with 2C4 on human Schwann cells (21).

Anchorage-independent Growth in Soft Agar. For a final deter-
mination of the effects of rHRGS! on cell proliferation, we studied
the anchorage-independent growth of different breast and ovarian
tumor cell lines in soft agar and compared the response with EGF. To
allow for enhanced proliferation of colonies in soft agar, cells were
seeded at densities resulting in minimal colony formation in untreated
cells, and all experiments had to be performed in 10% serum. As
shown in Fig. 8, MCF7, T47D, SK-BR-3, BT474, and SK-OV-3 cells
showed a greater than 2-fold increase in colony formation in response
to treatment with 0.3 nm rHRGgI1. Growth in soft agar of the MDA-
MB-468 cell line was also slightly enhanced. Since this cell line does
not express ErbB2 (30, 38) and presumably low or undetectable levels
of ErbB4 but does express ErbB3, this response might be mediated by
ErbB3. Since ErbB3 is an impaired kinase (47, 48), these data suggest
that ErbB3 may be heterodimerizing with another ErbB family mem-
ber other than ErbB2. One plausible candidate for this active signaling
complex may be EGFR-ErbB3 since MDA-MB-468 cells overexpress
EGFR (49). Colony formation by MDA-MB-453 and MDA-MB-361
cells was inhibited by HRG treatment relative to control plates. In
comparison, EGF had little effect on MCF7, MDA-MB-453, MDA-
MB-361, or MDA-MB-231 cells. Growth in soft agar was stimulated
by EGF in SK-OV-3 cells and was slightly enhanced in SK-BR-3 and
BT474 cells. Treatment of MDA-MB-468 cells with EGF completely

abolished colony formation.
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Fig. 7. Effect of 2C4 or 7F3 on rtHRGBI induced proliferation of MCF7 (4), T47D (B),
and Caov3 (C) tumor cell lines. Monoclonal antibodies (10 nM) or medium alone were
added, and the cells were incubated for 2 h at 37°C. rHRGB! (0.3 nM) was then added,
and the cells were incubated for 3 days. Monolayers were then washed with PBS and
fixed/stained with 0.5% crystal violet; then the absorbance was read at 540 nM to
determine cell proliferation (30).

DISCUSSION

In this study, we describe a systematic analysis of HRG respon-
siveness in a panel of human breast and ovarian cancer cell lines.
High-affinity HRG receptors could be detected on most of these cell
lines. However, the range of HRG receptor expression is significantly
narrower than that observed for either EGFR or ErbB2. Since HRG
binding requires the presence of ErbB3 or ErbB4, these data imply
that ErbB3 and ErbB4 expression may be more tightly regulated in
breast and ovarian tumors cells than either EGFR or ErbB2. Antibod-
ies directed against ErbB2 inhibited HRG binding in these cell lines,

suggesting that the formation of this high-affinity binding site was
likely the result of heterodimerization of ErbB2 with ErbB3 or with
ErbB4. In addition, the binding affinity of HRG for ErbB4 appears to
be considerably lower than the values determined here for this panel
of human tumor cell lines (33). Although ErbB4 is expressed in some
of these cell lines (34, 35), our analysis of ErbB4 expression in these
cells using a panel of ErbB4-specific monoclonal antibodies indicates
that the ErbB4 expression level is significantly lower than EGFR,
ErbB2, or ErbB3.* ErbB4 is a fully functional HRG receptor (35, S0),
and it has been demonstrated recently that ErbB4 is required for
normal embryonic neural and cardiac development (51). Regardless of
the relative expression levels or the activation of particular signal
transduction pathways, the abrogation of HRG responsiveness by
anti-ErbB2 monoclonal antibodies indicates that ErbB2 is critical in
mediating HRG responsiveness. Our conclusion from these studies is
that inhibition of HRG response by these blocking anti-ErbB2 anti-
bodies is the result of inhibiting the recruitment of ErbB2 to a
high-affinity complex with ErbB3 or ErbB4. Using different experi-
mental approaches similar conclusions have also been drawn regard-
ing the role of ErbB2 in mediating HRG responses in the breast cancer
cell lines T47D (22) and MCF7 (52).

At present, more is known about the interaction of ErbB2 with
ErbB3 than ErbB2 with ErbB4. Although ErbB3 can function as a
HRG-binding protein, it is a unique receptor in that its intrinsic
tyrosine kinase activity appears to be impaired (47, 48). When coex-
pressed with ErbB2, ErbB3 becomes phosphorylated on tyrosine
residues in its cytoplasmic domain that generate a signal primarily
through the PI3-kinase pathway (32, 53). Thus, a functional HRG
receptor may be viewed as a heterodimer of ErbB3 with ErbB2, where
ErbB2 modulates the affinity of ErbB3 for HRG binding and contrib-
utes an active tyrosine kinase domain. Conversely, ErbB3 is required
for HRG binding and upon phosphorylation of its unique tyrosine
residues in the cytoplasmic domain, ErbB3 is capable of coupling to
PI3-kinase. This latter adapter function is analogous to the interaction
of IRS-1 with insulin receptor. IRS-1 is the principal substrate of the
activated insulin receptor tyrosine kinase. After becoming tyrosine
phosphorylated, IRS-1 couples with PI3-kinase and other SH2-
proteins for the propagation of downstream signaling (54). Coopera-

10

| W HRG N EGF

Number of Colonies
(fold change +/- S.E.)

MDA-361
HBL-100 |
MDA-231

Fig. 8. Colony formation in soft agar by breast and ovarian tumor cell lines. Cells were
seeded in 60 X 15-mm dishes onto a bottom layer of 0.5% agar and overlaid with 0.25%
agar in Ham's F12:DMEM (50:50) medium supplemented with 10% heat-inactivated FBS
and 2 mM L-glutamine. Treatment groups for each cell line were 0.3 nM rHRG, 3 nM EGF,
or an untreated control (designated by horizontal bar). After 2-4 weeks, the colonies were
stained with 3-[4,5-dimethylithiazol-2-yl]-2,5-diphenyitetrazolium bromide and counted
using an Omnicon 3600 Image Analysis System. The data are represented as the fold
change in the number of colonies per dish (bars, SE) that were greater than 80 pm relative
to untreated control dishes. Each treatment group consisted of three replicate dishes.
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tion between ErbB3 and ErbB2 in neoplastic transformation of
NIH3T3 cells has also been demonstrated recently (53, 55).

We also studied the effects of rHRG on the growth of these cell
lines using several different assay formats. In a number of these
formats, it was found that the presence of serum profoundly influ-
enced the magnitude of the HRG response on a number of these cell
lines. In general, the results from these experiments agreed among the
formats used. MCF7, Caov3, T47D, BT-20, BT-474, and SK-BR-3
cells were growth stimulated in a number of assays under defined
serum concentrations. Our results with the stimulation of growth of
these breast tumor cell lines are similar to those recently obtained with
the mouse mammary epithelial cell line HC11 (56, 57) and the
immortalized human epithelial cell line MCF-10A (41). Two notable
exceptions in the present study were MDA-MB-453 and MDA-MB-
361 cells. Although these cell lines were stimulated by rHRG treat-
ment in the mitogenic assay, this incorporation of [*H]thymidine did
not appear to lead to cell division. Indeed, anchorage-independent
growth assays suggested that HRG treatment was growth inhibitory at
high serum concentrations. There are several possible explanations for
the apparent discrepancy between the stimulation of [*H]thymidine
incorporation in the MDA-MB-453 and MDA-MB-361 cells and the
negative results obtained with cell cycle, cell count, and soft agar
experiments. Incorporation of [*H]thymidine into DNA occurs exclu-
sively via the salvage pathway for DNA synthesis. Differences in rates
of transport of labeled nucleotide into the cell, in activity of thymidine
kinase or other synthetic or degradative enzymes, or in the size of
intracellular nucleotide pools can lead to inconsistent results (58).
Extranuclear labeling would also lead to enhanced incorporation
independent of DNA synthesis. Studies showing increased [*H]thy-
midine incorporation without subsequent cell division have been
reported (59, 60). :

We compared the HRG response in these cell lines to 4D5, a
cytostatic monoclonal antibody directed against ErbB2. Growth in-
hibitory response of cell lines to 4D5 is strictly dependent on ErbB2
expression levels (30) and appears to be independent of serum con-
centrations. The growth of cell lines such as BT-474 and SK-BR-3 is
inhibited by 4D5, whereas under the same conditions, they are growth
stimulated by HRG. Additionally, HRG-mediated growth responses in
cell lines known to express low/normal levels of ErbB2 such as
MCF7, T47D, and Caov3 were inhibited by two other anti-ErbB2
antibodies, 2C4 and 7F3. To explain these results with HRG and 4D5,
we speculate that ErbB2 heterodimerization with other ErbB family
members is itself a high-affinity interaction and is preferred to ErbB2
homodimerization. This hypothesis is supported by the observation
that HRG activation of ErbB2 occurs at a wide range of ErbB2
expression levels. In the present study, ErbB2 activation occurs by at
least two different mechanisms, heterodimerization or homodimeriza-
tion. In addition to ErbB2, the heterodimerization pathway requires
HRG and a receptor for HRG, i.e., ErbB3 or ErbB4. Monoclonal
antibodies directed against ErbB2, such as 2C4 or 7F3 and to a lesser
extent 4D5, are capable of disrupting these ErbB2-ErbB3/4 interac-
tions so that HRG activation of ErbB2 is ablated. Constitutive acti-
vation of ErbB2, which is likely the result of ErbB2 homodimerization
or oligomerization, occurs at high ErbB2 receptor densities and is
independent of HRG, ErbB3, and ErbB4 expression. In agreement
with this hypothesis is the observation that a threshold of ErbB2
expression must be surpassed to transform rodent fibroblast (61).
Moreover, reversion of this transformed phenotype can occur by
treatment with anti-ErbB2 monoclonal antibodies (27). Additionally,
the growth inhibitory properties of anti-ErbB2 monoclonal antibodies
are observed only on human tumor cell lines that overexpress ErbB2
(30). Thus, activation of ErbB2 by HRG or ErbB2 overexpression can
result in the proliferation of tumor cell growth. As observed, antibod-

ies that disrupt either of these activation pathways will have growth-
inhibitory effects.

In comparison to HRG, treatment of these tumor cell lines with
EGF under identical conditions produced only modest effects on
growth proliferation. An exception was MDA-MB-468 cells, which
were significantly growth inhibited by EGF (44, 45). Interestingly, the
in vitro growth-inhibitory properties of EGF do not translate into a
therapeutic benefit when the same cell lines are examined as xe-
nografts in vivo (62, 63). In vivo experiments with MDA-MB-453 and
MDA-MB-361 cells may be warranted given the growth-inhibitory
effects observed with HRG treatment in the anchorage-independent
growth assays. Recently, it has been demonstrated that HRG admin-
istration to athymic mice bearing MCF7 tumor xenografts is growth
stimulatory to the tumors (42).

We conclude that expression of ErbB3 or ErbB4 with ErbB2 allow
breast and ovarian tumor cells to be HRG responsive. The cell lines
demonstrated to be HRG responsive do not express any known HRG
isoform transcripts. HRG transcripts can be detected in fibroblasts as
well as nontransformed breast cells and stromal elements in human
breast tumors (53, 55, 64). These observations set the stage for
potential paracrine stimulation of ErbB3/ErbB2- and ErbB4/ErbB2-
expressing tumor cells and suggests that the interaction (53, 64) of
HRG and its receptors may be important in transformation, tumor cell
growth, or the maintenance of a transformed phenotype. Determina-
tion of the role that endogenous HRG plays in these processes may
allow for therapies that target these receptors or this family of ligands.
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The HER2/c-erbB-2 gene encodes the epidermal growth factor receptorlike human homolog of the rat neu
oncogene. Amplification of this gene in primary breast carcinomas has been shown to correlate with poor
clinical prognosis for certain cancer patients, We show here that a monoclonal antibody directed against the
extracellular domain of p1857Z%2 specifically inhibits the growth of breast tumor-derived cell lines overex-
pressing the HER2/c-erbB-2 gene product and prevents HER2/c-erbB-2-transformed NIH 3T3 cells from
forming colonies in soft agar. Furthermore, resistance to the cytotoxic effect of tumor necrosis factor alpha,
which has been shown to be a consequence of HER2/c-erbB-2 overexpression, is significantly reduced in the

presence of this antibody.

HER?2/c-erbB-2, the human homolog of the rat proto-
oncogene neu (4, 34), encodes a 1,255-amino-acid glycopro-
tein with extensive homology to the human epidermal
growth factor (EGF) receptor (4, 21, 33, 34, 42). The
HER2/c-erbB-2 gene product, p185£R2_ has all of the struc-
tural features and many of the functional properties of
subclass I growth factor receptors (reviewed in references 43
and 44), including cell surface location and an intrinsic
tyrosine kinase activity. However, the ligand for this puta-
tive growth factor receptor has not yet been identified.

Amplification of the HER2/c-erbB-2 gene has been found
in human salivary gland and gastric tumor-derived cell lines
. (13, 34), as well as in mammary gland carcinomas (21, 22, 40,
42). Slamon et al. (35) surveyed 189 primary breast adeno-
carcinomas and determined that the HER2/c-erbB-2 gene
was amplified in about 30% of the cases. Most importantly,
HER2/c-erbB-2 amplification was correlated with a negative
prognosis and high probability of relapse. Similar although
less frequent amplification of the HER2/c-erbB-2 gene has
been reported for gastric and colon adenocarcinomas (45,
46). Experiments with NIH 3T3 cells also suggest a direct
role for the overexpressed, structurally unaltered HER2/
c-erbB-2 gene product pl85ER2 in neoplastic transforma-
tion. High levels of HER2/c-erbB-2 gene expression attained
by coamplification of the introduced gene with dihydrofolate
reductase by methotrexate selection (18) or by using a strong
promoter (6) was shown to transform NIH 3T3 fibroblasts.
Only cells with high levels of p185/ER2 are transformed, i.e.,
have an altered morphology, are anchorage independent,
and will form tumors in athymic mice.

Overexpression of p1857£7? may, furthermore, contribute
to malignant tumor development by allowing tumor cells to
evade one component of the antitumor defenses of the body,
the activated macrophage (17). Macrophages play an impor-
tant role in immune surveillance against neoplastic growth in
vivo (1, 2, 38), and Urban et al. (39) have shown that tumor

* Corresponding author.
1 Present address; Max-Planck-Institut fiir Biochemie, 8033 Mar-
tinsried, Federal Republic of Germany.
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cells made resistant to macrophages display enhanced tu-
morigenicity. Tumor necrosis factor alpha (TNF-a) has been
shown to play a role in activated macrophage-mediated
tumor cell killing in vitro (3, 11, 23, 29, 39). NIH 3T3 cells
transformed by a transfected and amplified HER2/c-erbB-2
cDNA show increased resistance to the cytotoxic effects of
activated macrophages or TNF-a in direct correlation with
increased levels of pl857ER? expression. Furthermore,
breast tumor cell lines with high levels of p1857Z%? exhibit
resistance to TNF-a. Resistance to host antitumor defenses
could facilitate the escape of cells from a primary tumor to
establish metastases at distant sites.

To further investigate the consequences of alteration in
HER2/c-erbB-2 gene expression in mammary gland neopla-
sia and to facilitate investigation of the normal biological role
of the HER2/c-erbB-2 gene product, we have prepared
monoclonal antibodies against the extracellular domain of
pl1857ERZ_ One monoclonal antibody (4D5) was character-
ized in more detail and was shown to inhibit in vitro
proliferation of human breast tumor cells overexpressing
pl854ER? and, furthermore, to increase the sensitivity of
these cells to the cytotoxic effects of TNF-a.

MATERIALS AND METHODS

Cells and cell culture. Human tumor cell lines were ob-
tained from the American Type Culture Collection. The
mouse fibroblast line NIH 3T3/HER2-3,,,, expressing an
amplified HER2/c-erbB-2 cDNA under simian virus 40 early
promoter control, and the vector-transfected control cell line
NIH 3T3/CVN have been described previously (18).

Cells were cultured in a 1:1 mixture of Dulbecco modified
Eagle medium and Ham nutrient mixture F-12 supplemented
with 2 mM glutamine, 100 u of penicillin per ml, 100 pg of
streptomycin per ml, and 10% serum. Human tumor cell
lines were cultured with fetal bovine serum (GIBCO Labo-
ratories, Grand Island, N.Y.); NIH 3T3 derivatives were
cultured with calf serum (Hyclone Laboratories, Inc., Lo-
gan, Utah.).

Immunization. Female BALB/c mice were immunized
with NIH 3T3/HER2-3,,, cells expressing high levels of
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pl1857ERZ The cells were washed once with phosphate-
buffered saline (PBS) and detached from the plate with PBS
containing 25 mM EDTA. After low-speed centrifugation,
the cells were suspended in cold PBS (2 x 107 cells per ml).
Each mouse was injected intraperitoneally with 0.5 ml of this
cell suspension on weeks 0, 2, 5, and 7. -

On weeks 9 and 13, 100 pl of a Triton X-100 membrane
preparation of pl1857ER? partially purified by wheat germ
agglutinin chromatography (700 pg of protein per ml) (25),
was administered intraperitoneally. Three days before fu-
sion, 100 pl of the enriched p1857E%? protein was adminis-
tered intravenously.

Fusion and screening. Mice with high antibody titers as
determined by immunoprecipitation of p1857£%2 were sac-
rificed, and their splenocytes were fused as described previ-

ously (26). Spleen cells were mixed at a 4:1 ratio with the -

fusion partner, mouse myeloma cell line X63-Ag8.653 (20),
in the presence of 50% polyethylene glycol 4000. Fused cells
were plated at a density of 2 x 10° cells per well in 96-well
microdilution plates. The hypoxanthine-azaserine (12) selec-
tion for hybridomas was begun 24 h later. Beginning at day
10 postfusion, supernatants from hybridoma-containing
wells were tested for the presence of antibodies specific for
p185¥ER? by an enzyme-linked immunosorbent assay with
the wheat germ agglutinin chromatography-purified p1857£%2
preparation (28). Enzyme-linked immunosorbent assay-pos-
itive supernatants were confirmed by immunoprecipitation
and cloned twice by limiting dilution.

Large quantities of specific monoclonal antibodies were
produced by preparation of ascites fluid; antibodies were
then purified on protein A-Sepharose columns (Fermentech,
Inc., Edinburgh, Scotland) and stored sterile in PBS at 4°C.

Immunoprecipitations and antibodies. Cells were har-
vested by trypsinization, counted in a Coulter counter
(Coulter Electronics, Inc., Hialeah, Fla.), and plated 24 h
before being harvested for analysis of p1857£R? expression.
Cells were lysed at 4°C with 0.8 ml of HNEG lysis buffer (18)
per 100-mm plate. After 10 min, 1.6 ml of lysis dilution buffer
(HNEG buffer with 1% bovine serum albumin and 0.1%
Triton X-100) was added to each plate, and the extracts were
clarified by centrifugation at 12,000 X g for 5 min.

Antibodies were added to the cell extracts and allowed to
bind at 4°C for 2 to 4 h. Immune complexes were collected
by adsorption to protein A-Sepharose beads for 20 min and
washed three times with 1 ml of HNEG buffer—0.1% Triton
X-100. Autophosphorylation reactions were carried out for
20 min at 4°C in 50 pl of HNEG wash buffer containing 5 mM
MnCl, and 3 p.Ci of [y->2PJATP (5,000 Ci/mmol, Amersham
Corp., Arlington Heights, Hl.). The autophosphorylation
reaction conditions have been described previously (18).
Proteins were separated on sodium dodecyl sulfate (SDS)-
7.5% polyacrylamide gels and analyzed by autoradiography.

The polyclonal antibody, G-H2CT17, recognizing the car-
boxy-terminal 17 amino acids of p185"Z%2 has been de-
scribed previously (18). The anti-EGF receptor monoclonal
antibody 108 (16) was provided by Joseph Schlessinger,
Rorer Biotechnology, Inc.

Fluorescence-activated cell sorting. SK-BR-3 human breast
tumor cells overexpressing the HER2/c-erbB-2 gene (17, 22)
or A431 human squamous carcinoma cells overexpressing
the EGF receptor gene (14) were grown in T175 flasks. They
were detached from the flasks by treatment with 25 mM
EDTA-0.15 M NaCl, collected by low-speed centrifugation,
and suspended at 1 X 10° cells per ml in PBS-1% fetal bovine
serum. One milliliter of each cell line was incubated with 10
pg of either anti-HER2/c-erbB-2 monoclonal antibody (4D5)

Mo.. CeLL. BioL.

or a control antibody (40.1.H1) recognizing the hepatitis B
surface antigen. The cells were washed twice and suspended
on ice for 30 min in 1 ml of PBS-1% fetal bovine serum
containing 10 pg of goat anti-mouse immunoglobulin G
F(ab’), fragments conjugated with fluorescein isothiocyanate
dye (Boehringer Mannheim Biochemicals, Indianapolis,
Ind.). Unbound fluorescein dye was removed by two further
washes. The cells were suspended at 2 x 10° per ml in
PBS-1% fetal bovine serum and analyzed with an EPICS 753
(Coulter) fluorescence-activated cell sorter. Fluorescein was
excited by 300 mW of 488-nm argon laser light, and the
emitted light was collected with a 525-nm band-pass filter
with a 10-nm band width.

Down-regulation assay. SK-BR-3 cells were plated at 1.5 X
10° cells per 35-mm culture dish in normal medium. After a
6-h period to allow attachment, the medium was replaced by
1.5 ml of methionine-free labeling medium containing 150
nCi of [**SImethionine per ml and 2% dialyzed fetal bovine
serum. The cells were metabolically labeled for 14 h and then
chased with medium containing 2% dialyzed serum and
unlabeled methionine. Either a control monoclonal antibody
(40.1.H1) or anti-p185HER2 (4D5) was added to a final con-
centration of 2.5 pg/ml. At 0, 5, and 11 h, extracts were
prepared with 0.3 ml of lysis solution and 0.6 ml of dilution
buffer. The p1857£R”? was immunoprecipitated with 2.5 pl of
polyclonal antibody G-H2CT17. The washed immune com-
plexes were dissolved in sample buffer, electrophoresed ona
SDS-7.5% polyacrylamide gel, and analyzed by autoradiog-
raphy. Each time point determination was performed in
duplicate. Autoradiograph band intensities were quantitated
by using a scanner (Ambis Systems).

Cell proliferation assays. The anti-p1857E%? monoclonal
antibodies were characterized by using the breast tumor cell
line SK-BR-3. Cells were detached by using 0.25% (vol/vol)
trypsin and suspended in complete medium at a density of 4

CVN HER1 HER2.
ES I I
s 8 83 8835 8 8
¥ ¥ - ¥ 3 - % % -
1 2 3 4 5 6 7 8 9
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FIG. 1. Specificity of monoclonal antibody 4D5. Three cell lines,
NIH 3T3/CVN, NIH 3T3/HER1-EGF receptor, and NIH 3T3/
HER2-3,,,, were plated out at 2.0 x 10° in 100-mm culture dishes.
At 24 h, Triton X-100 lysates were prepared and divided into three
portions. Either an irrelevant monoclonal antibody (6 pg of anti-
hepatitis B virus surface antigen, 40.1.H1; lanes 1, 4, and 7),
anti-p185”E® monoclonal antibody 4DS5 (6 ug; lanes 2, 5, and 8), or
anti-EGF receptor monoclonal antibody 108 (6 pg; lanes 3, 6, and 9)
was added and allowed to bind at 4°C for 4 h. The immune
complexes were collected with 30 pl of protein A-Sepharose. Rabbit
anti-mouse immunoglobulin (7 ng) was added to each 4D5 immuno-
precipitation to improve the binding of this monoclonal antibody to
the protein A-coated beads. Proteins were labeled by autophosphor-
ylation and separated on an SDS—7.5% polyacrylamide gel. The gel
was exposed to film at —70°C for 4 h with an intensifying screen. The
arrows show the positions of proteins of M, 185,000 and 170,000.
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FIG. 2. Binding of monoclonal antibody 4D5 to unglycosylated
receptor. NIH 3T3/HER2-3,4, cells were plated into two 100-mm
plates at 2 X 106 cells per plate. After 14 h, the antibiotic tunicamy-
cin was added to one plate at 3 pg/ml. After a further 5.5 h of
incubation, Triton X-100 lysates were then prepared from each
plate. Inmunoprecipitations, the autophosphorylation reaction, and
SDS-polyacrylamide gel electrophoresis were performed as de-
scribed in the legend to Fig. 1. Lanes: 1, tunicamycin-treated cell
lysate (one-third of a plate) immunoprecipitated with 2.5 pl of a
polyclonal antibody directed against the C terminus of p1857£R2; 2,
tunicamycin-treated cell lysate (one-third of a plate) immunoprecip-
itated with 6 pg of 4D5; 3, untreated control lysate (one-third of a
plate) immunoprecipitated with the polyclonal antibody. The arrows
show the locations of proteins of M, 185,000 and 170,000.

x 10° cells per ml. Aliquots of 100 ul (4 x 10* cells) were
plated into 96-well microdilution plates, the cells were al-
lowed to adhere, and 100 pl of media alone or media
containing monoclonal antibody (final concentration, 5 ng/
mi) was then added. After 72 h, plates were washed twice
with PBS (pH 7.5), stained with crystal violet (0.5% in
methanol), and analyzed for relative cell proliferation as
described previously (36).

For assays in which monoclonal antibodies were com-
bined with recombinant human TNF-a (5.0 X 107 U/mg;
Genentech, Inc.), cells were plated and allowed to adhere as
described above. Following cell adherence, control medium
alone or medium containing monoclonal antibodies was
added to a final concentration of 5 pg/ml. Cultures were
incubated for another 4 h, and then increasing concentra-
tions of TNF-a were added to a final volume of 200 pl.
Following 72 h of incubation, the relative cell number was
determined by crystal violet staining. Some samples were
analyzed by crystal violet staining following cell adherence
for determination of the initial cell number.

RESULTS

Specificity of monoclonal antibody 4D5. Monoclonal anti-
bodies directed against the extracellular domain of p185//&X?
were prepared by immunizing mice with NIH 3T3 cells
transfected with a HER2/c-erbB-2 ¢cDNA (HER2-3,,,) (17,
18) and overexpressing the corresponding gene product,
p1857ER2_One antibody exhibited several interesting biolog-
ical properties and was chosen for further characterization.
Antibody 4D35 specifically immunoprecipitated a single *2P-
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FIG. 3. Fluorescence-activated cell sorter histograms of human
tumor cells binding anti-p185 monoclonal antibody 4D5. s,
Binding by the control antibody, 40.1.H1, directed against the

. hepatitis B surface antigen; se«++++ , binding by the anti-HER2/c-

erbB-2 antibody, 4D5. The antibodies were first allowed to react
with the cell surface. After a wash step, bound antibody was labeled
by addition of fluorescein-conjugated F(ab’), fragment of goat
anti-mouse immunoglobulin G. (A) Binding of the antibodies to the
human breast tumor line SK-BR-3, which contains an amplification
of the HER2/c-erbB-2 gene and expresses high levels of the HER2/
c-erbB-2 gene product p185#£R2_(B) Binding of the same antibodies
to the human squamous epithelial cell line A431. This cell line
expresses low levels of mRNA for HER2/c-erbB-2 and high levels (2
X 10 receptors per cell) of the EGF receptor.

labeled protein of M, 185,000 from NIH 3T3 cells expressing
p1855%2 (Fig. 1, lane 8). This antibody did not cross-react
with the human EGF receptor (HER1; Fig. 1, lane 5), even
when overexpressed in a mouse NIH 3T3 background (Fig.
1, lane 6). Furthermore, it did not immunoprecipitate any
proteins from NIH 3T3 cells transfected with a control
plasmid (pCVN) which expresses the neomycin resistance
and dihydrofolate reductase genes only (Fig. 1, lane 2).

To determine the nature of the epitope recognized by 4D5,
NIH 3T3/HER2-3,y, cells were treated with tunicamycin,
which prevents addition of N-linked oligosaccharides to
proteins (15, 41). Cells treated with this antibiotic for 5.5 h
contained two proteins which were immunoprecipitated by a
polyclonal antibody against the carboxy-terminal peptide of
p185'/ER2 (Fig. 2, lane 1). The polypeptide of 170,000 M,
represents unglycosylated p185%72, The upper band of ca.
185,000 M, comigrated with glycosylated pl85Z%? from
untreated cells (Fig. 2, lane 3). Monoclonal antibody 4D5
efficiently immunoprecipitated only the glycosylated form of
pl85"ER? (Fig. 2, lane 2). This experiment suggests either
that the epitope recognized by 4DS consists partly of carbo-
hydrate, or, alternatively, that the antibody recognizes a
conformation of the protein achieved only when it is glyco-
sylated.
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TABLE 1. Inhibition of SK-BR-3 proliferation by anti-p185*£~?
monoclonal antibodies”

Relative cell
proliferation®

793 £2.2
. 79.5+44
83.8 =59
4.2 = 4.4
66.2 = 2.4
98.9 = 3.6
62114
66.5 £ 3.9
929 = 438
105.8 = 3.8
94.7 = 2.8

Monoclonal
antibody

2 SK-BR-3 breast tumor cells were plated as described in Materials and
Methods. Following adherence, medium containing 5 pg of either anti-
p185#ER2 o control monoclonal antibodies (40.1.H1 and 4F4) per ml were
added.

b Relative cell proliferation was determined by crystal violet staining of the
monolayers after 72 h. Values are expressed as a percentage of results with
untreated control cultures (100%).

The binding of monoclonal antibody 4D5 to human tumor
cell lines was investigated by fluorescence-activated cell
sorting (Fig. 3). This antibody was bound to the surface of
cells expressing p1857£%2, Figure 3A shows the 160-fold
increase in cellular fluorescence observed when 4D5 was
added to SK-BR-3 breast adenocarcinoma cells relative to a
control monoclonal antibody. This cell line contains an
amplified HER2/c-erbB-2 gene and expresses high levels of
p1854ER2 (17, 22). In contrast, the squamous carcinoma cell
line A431, which expresses about 2 X 10° EGF receptors per
cell (14) but only low levels of p1857£R2 (4), exhibited only
a twofold increase in fluorescence with 4D5 (Fig. 3B) when
compared with a control monoclonal antibody.

The binding of 4D5 correlated with the levels of p1857£R?
expressed by these two cell lines. SK-BR-3 cells, expressing
high levels of pl185%£R2, showed an 80-fold increase in
relative fluorescence intensity compared with A431 cells.
This experiment demonstrates that 4D5 specifically recog-
nizes the extracellular domain of p1857£R%2,
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FIG. 4. Growth curve of SK-BR-3 cells treated with anti-HER2/
c-erbB-2 monoclonal antibody 4D5. Cells were plated into 35-mm
culture dishes at 20,000 cells per plate in medium containing 2.5 pg
of either control antibody (40.1.H1, anti-hepatitis B surface antigen)
(O) or anti-p185%ER? antibody 4D5 (@) per ml. On the indicated
days, cells were trypsinized and counted in a Coulter counter. The
determination for each time point and each antibody was done in
duplicate, and the counts were averaged. The arrow indicates the
day the cells were refed with medium without antibodies.
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FIG. 5. Growth of SK-BR-3 cells in different concentrations of
monoclonal antibody 4D5. The human breast tumor line SK-BR-3
was plated into 35-mm culture dishes at 20,000 cells per dish. Either
0.1, 0.5, 1.0, or 3.0 ug of a control monoclonal antibody (40.1.H1,
anti-hepatitis B surface antigen) or monoclonal 4D5 antibody per ml
was added at the time of plating. After 8 days of growth, the plates
were trypsinized and the cells were counted in a Coulter counter.
Each concentration of antibody was plated and counted in duplicate,
and the cell numbers were averaged.

Effects on cell proliferation. We used the human mammary
gland adenocarcinoma cell line, SK-BR-3, to determine
whether monoclonal antibodies directed against the extra-
cellular domain of p1857E%? had any effect on the prolifera-
tion of cell lines overexpressing this receptorlike protein.
SK-BR-3 cells were coincubated with several HER2/c-erbB-
2-specific monoclonal antibodies or with either of two dif-
ferent control monoclonal antibodies (40.1.H1, directed
against the hepatitis B surface antigen; 4F4, directed against
recombinant human gamma interferon). Most anti-HER2/
c-erbB-2 monoclonal antibodies which recognize the extra-
cellular domain inhibited the growth of SK-BR-3 cells (Table

Relative Number of Cells
(4D5/9F6)

157 361 231 MCF-7 SK- 175 3T3
BR-3 HER2

Cell Line

FIG. 6. Screening of breast tumor cell lines for growth inhibition
by monoclonal antibody 4D5. Each cell line was plated in 35-mm
culture dishes at 20,000 cells per dish. Either a control monoclonal
antibody (9F6, anti-human immunodeficiency virus gpl20) or the
anti-p1857ER? monoclonal antibody 4D5 was added on day 0 to 2.5
ng/ml. Because the different cell lines grow at different rates, the cell
lines NIH 3T3/HER2-3,,, and SK-BR-3 were counted after 6 days,
cell lines MDA-MB-157, MDA-MB-231, and MCF-7 were counted
after 9 days, and cell lines MDA-MB-175VII and MDA-MB-361
were counted after 14 days. The difference in growth between cells
treated with 4D5 and 40.1.H1 is expressed as the ratio of cell
numbers with 4D5 versus a control monoclonal antibody, 9F6. Each
cell line was assayed in duplicate for each antibody, and the counts
were averaged.
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FIG. 7. Inhibition of anchorage-independent growth of NIH 3T3/
HER2-3, cells by 4D5. Cells (20,000 per 60-mm plate) were plated
in 0.2% soft agar over a 0.4% agar base. After 3 weeks, the plates
were photographed at X100 magnification by using a Nikon micro-
scope with phase-contrast optics. (a) HER2-3, cells plated in agar
containing 200 ng of a control antibody (TF-C8) per ml. (b) The same
cells plated in agar containing 200 ng of 4DS per ml.

1). Maximum inhibition was obtained with monoclonal anti-
body 4D5, which inhibited cellular proliferation by 56%. The
control antibodies had no significant effect on cell growth.
Figure 4 compares the growth of SK-BR-3 cells in the
presence of either a control antibody, 40.1.H1, or the
anti-p185ER2 antibody. Proliferation of the cells was inhib-
ited when antibody 4D5 was present. The generation time
increased from 3.2 to 12.2 days. To determine whether 4D5
treatment was cytostatic or cytotoxic, antibody was re-
moved by medium change 11 days after treatment. The cells
resumed growth at a nearly normal rate, suggesting that the
antibody affected cell growth rather than cell viability. The
dose-response curve (Fig. 5) showed that a concentration of
200 ng/ml inhibited growth by 50%, whereas maximum

MONOCLONAL ANTIBODIES AND pl85#£r2 1169
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FIG. 8. Effect of antibody binding on p1857E%2 turnover. SK-
BR-3 cells were labeled for 14 h with [**S]methionine. The label was
then chased with cold methionine and either an irrelevant monoclo-
nal antibody (40.1.H1, anti-hepatitis B surface antigen) or 4D5 was
added to 2.5 pg/ml. The cells on the plates were lysed at 0, 5, and 11
h, and 3*S-labeled p1857ER? was quantitated by immunoprecipita-
tion with the C-terminal specific polyclonal antibody. The 5- and
11-h time point determinations were performed in duplicate for each
of the two antibodies. Proteins were separated by SDS-polyacryl-
amide gel electrophoresis. The fluor-treated gel was exposed to film
for 4 h at room temperature. The arrow indicates the position of a
protein of M, 185,000. Band intensities were quantitated by using an
Ambis Systems scanner. Lanes; 1, 0 h; lanes 2 and 3, 40.1.H1 (5 h);
lanes 4 and 5, 4D5 (5 h); lanes 6 and 7, 40.1.H1 (11 h); lanes 8 and
9,4D5 (11 h).

effects were achieved by using a concentration of between
0.5 and 1 pg/ml.

The effect of 4D5 on the proliferation of six additional
breast tumor cell lines, as well as mouse NIH 3T?3 fibroblasts
transformed by p1857E&? overexpression (NIH 3T3/HER2-
3400), Was tested in monolayer growth assays. Cells were
plated at low density in medium containing 2.5 pg of either a
control antibody or 4D5 per ml. When the cultures ap-
proached confluency, cells were removed with trypsin and
counted. 4D5 did not have any significant effect on the
growth of the MCF-7, MDA-MB-157, MDA-MB-231, or
NIH 3T3/HER2-3,4, cell lines (Fig. 6). It did, however,
significantly affect the growth of the cell lines MDA-MB-361
(58% of control) and MDA-MB-175-VII (52% of control),
which express high levels of p1857ER? (17).

Interestingly, monoclonal antibody 4D5 had no effect on
the monolayer growth of the NIH 3T3/HER2-3,, cell line.
However, it completely prevented colony formation by
these cells in soft agar (Fig. 7), a property which had been
induced by HER2/c-erbB-2 amplification (18). In the pres-
ence of 200 ng of a control monoclonal antibody (antitissue
factor, TC-C8) per ml, 116 (average of two plates) soft-agar
colonies were counted, while the same cells plated simulta-
neously into soft agar containing 200 ng of 4D5 per ml did not
yield any colonies.

Monoclonal antibody 4D5 down-regulates p1857£%%, To
determine whether the antiproliferative effect of 4D5 was
due to enhanced degradation of p1857£R?, we measured its
rate of turnover in the presence or absence of antibody.
pl1857ER2 was metabolically labeled by culturing SK-BR-3
cells for 14 h in the presence of [>*S]methionine. Cells were
then chased for various times, and either a control antibody
or 4D5 was added at the beginning of the chase period. At 0,
5, and 11 h, cells were lysed and pl85ZR? levels were
assayed by immunoprecipitation and SDS-polyacrylamide
gel electrophoresis. pl85%5%2 js degraded more rapidly after
exposure of SK-BR-3 cells to 4D5 (Fig. 8). Densitometric
evaluation of the data showed that the p1857F%2 half-life of
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FIG. 9. Monoclonal antibody 4D5 sensitizes breast tumor cells to the cytotoxic effects of TNF-a. Cells were plated in 96-well

microdilution plates (4 x 10* cells per well for SK-BR-3, MDA-MB-175-V1l, and MDA-MB-231; 10* cells per well for HBL-100 and T24) and
allowed to adhere for 2 h. Anti-HER2/c-erbB-2 monoclonal antibody 4D5 (5 pg/ml) or anti-hepatitis B surface antigen monoclonal antibody
40.1.H1 (5 pg/ml) was then added for a 4-h incubation prior to the addition of TNF-a to a final concentration of 10* units/ml. After 72 h, the
monolayers were washed twice with PBS and stained with crystal violet dye for determination of relative cell proliferation. In addition, some

cell monolayers were stained with crystal violet following adherence in order to determine the initial cell density for comparison with cell
densities measured after 72 h. The symbols denote initial cell density (), untreated (control) cells (&), cells treated with TNF-a (), 4D5

(2), TNF-a plus 4D5 (0), 40.1.H1 (:iii); or TNF-a plus 40.1.H] (-

7 h decreased to 5 h in the presence of antibody (data not
shown).

Monoclonal antibody 4D5 enhances TNF-a cytotoxicity.
The addition of certain growth factors to tumor cells has
been shown to increase their resistance to the cytotoxic
effects of TNF-a (37). A prediction based on these findings
would be that expression of oncogenes that mimic or replace
growth factor receptor function may also increase the resis-
tance of cells to this cytokine. Recently, it was shown that
overexpression of the putative growth factor receptor
p1857ER2 in NIH 3T3 cells caused an increase in the resis-
tance of these cells to TNF-a (17). Furthermore, breast
tumor cell lines with high levels of p1857E%2 also exhibited
TNF-a resistance.

To further investigate the mechanism by which the 4D5
antibody inhibited cell growth, we investigated the response
of three breast tumor cell lines to TNF-a in the presence or
absence of this antibody. If the anti-p18575%? monoclonal
antibody 4D5 inhibited proliferation of breast tumor cells by
interfering with the signalling functions of p185%%%, addi-
tion of this antibody would be expected to enhance the
sensitivity of tumor cells to TNF-a. Both SK-BR-3 (Fig. 9A)
and MDA-MB-175-VII (Fig. 9C) were growth inhibited by
both the monoclonal antibody 4D35 (5 wg/ml; 50% and 25%
inhibition, respectively) and high concentrations of TNF-a

NOR

(1 X 10* units/ml; 50% and 60% inhibition, respectively).
However, the combination of TNF-a and monoclonal anti-
body 4D5 reduced the SK-BR-3 and MDA-MB-175-VII
tumor cell number to a level below that initially plated,
indicating the induction of a cytotoxic response. In a sepa-
rate experiment, SK-BR-3 cell viability was determined
directly by using trypan blue dye exclusion, yielding identi-
cal results to those described above that were obtained by
using crystal violet staining (data not shown). A control
monoclonal antibody, 40.1.H1, did not inhibit SK-BR-3
breast tumor cell proliferation, nor did it induce an enhanced
sensitivity of this cell line to the cytotoxic effects of TNF-a
(Fig. 9B). In addition, the growth of the breast tumor cell line
MDA-MB-231, which does not express detectable levels of
p1857ER2 (17), was unaffected by monoclonal antibody 4D5,
and the growth inhibition seen with the combination of 4D5
and TNF-a was similar to that observed with TNF-a alone
(Fig. 9D). Furthermore, neither HBL-100 (30), a nontrans-
formed but immortalized human breast epithelial cell line
(Fig. 9E), nor T24 (27), 2 human bladder carcinoma cell line
(Fig. 9F), expressed high levels of p185%%%? (data not
shown), and neither demonstrated growth inhibition by 4D5
or an enhanced growth-inhibitory or cytotoxic response to
the combination of TNF-a and monoclonal antibody 4D5.

These results demonstrate that only tumor cells which
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overexpress p1857ER? will become sensitized to the cyto-
toxic effects of TNF-a by antibody 4DS5.

DISCUSSION

We have prepared monoclonal antibodies against the
extracellular domain of the HER2/c-erbB-2 gene product,
pl857E”2  and have found that one of these, 4D5, strongly
inhibits the growth of several breast tumor cell lines and
furthermore sensitizes p18575R2.overexpressing breast car-
cinoma cell lines SK-BR-3 and MDA-MB-175-VII to the
cytotoxic effects of TNF-. Monoclonal antibody 4D5 is
specific for p1857ER? and shows no cross-reactivity with the
closely related human EGF receptor expressed in mouse
fibroblasts. Of six mammary carcinoma cell lines tested,
only the three lines which express high levels of p1857%%?
(SK-BR3, MBA-MB-175, and MDA-MD-361 [17]) were
growth inhibited, and 4D5 did not inhibit the proliferation of
a nontransformed human breast epithelial cell line, HBL-
100, or the bladder carcinoma cell line T24.

In the presence of the antibody, the inhibition of SK-BR-3
cell growth was nearly complete, but the effect was cyto-
static rather than cytotoxic. This property of 4D5 is similar
to that described for a subset of monoclonal antibodies to the
EGF receptor (19, 31, 32) which inhibit the growth of A431
cells, a human squamous epithelial carcinoma line express-
ing high levels of the EGF receptor. In this case, these
inhibitory antibodies compete with radiolabeled EGF for
binding to the receptor, and antibodies which do not block
EGF binding have no effect on A431 cell growth. It has been
suggested (J. Mendelsohn and H. Masui, Clin. Res. 35:600A,
1987) that these antibodies inhibit cell growth by interfering
with an autocrine system involving the EGF receptor and an
essential growth factor, transforming growth factor alpha,
that is produced by the cells (5). It is therefore intriguing to
speculate that antibody 4DS5 analogously interferes with
ligand binding to the HER2/c-erbB-2 gene product. Since an
appropriate ligand for the putative HER2/c-erbB-2 receptor
has not yet been identified, this possibility cannot yet be
tested directly.

The 4D5 antibody had no effect on the growth of NIH 3T3
cells transformed by HER2/c-erbB-2 overexpression. How-
ever, it reversed one property conferred on these cells by
amplification of the HER2/c-erbB-2 cDNA: the formation of
colonies in soft agar was prevented by 200 ng of 4D5
antibody per ml. This result is similar to those obtained by
Drebin et al. (8) with a monoclonal antibody to the rat neu
oncogene-encoded pl85”<“. They also observed that an
anti-p185”°“ monoclonal antibody inhibited colony growth in
soft agar and tumor formation by neu-transformed NIH 3T3
cells in athymic mice (7-10). This effect was attributed to a
lowering p1857°“ levels by an increase in receptor turnover
triggered by antibody binding. The apparent discrepancy
between 4D5 effects on proliferation of breast tumor cells
versus transfected mouse fibroblast cells is most probably a
reflection of the fact that SK-BR-3 cells are authentic cancer
cells, in contrast to the NIH 3T3 model system. Whereas
SK-BR-3 cells may have evolved to be dependent on HER2/
c-erbB-2-mediated signals for both growth and transforma-
tion characteristics, NIH 3T3 cells have acquired a trans-
formed phenotype only as a result of HER2/c-erbB-2
overexpression, but may proliferate normally in response to
other serum growth factors, even in the presence of blocking
anti-p1857ER2 antibody.

Previous work has shown that high-level expression of
p185HERZ will transform NIH 3T3 celis and has suggested a
casual role for amplification of the HER2/c-erbB-2 gene in
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mammary gland neoplasia. We have shown here that HER2/
c-erbB-2 gene overexpression in NIH 3T3 cells is associated
with increased resistance to the monokine TNF-a and that
breast tumor cell lines which overexpress p1857ER? are
resistant to the cytotoxic effects of TNF-a. The mechanism
by which 4D5 inhibits breast tumor cell proliferation and
reverses phenotypes associated with high levels of p1857ER?
expression, such as resistance to TNF-a, is not clear.
However, these results suggest that in addition to its ability
to transform cells by virtue of overexpression (6, 18),
HER2/c-erbB-2 could play a role in tumor progression by
allowing tumor cells overexpressing p1857Z% to evade one
component of the antitumor immunosurveillance of the host,
the activated macrophage (17). These properties of the
HER?2/c-erbB-2 gene product may in part explain the aggres-
sive, single-step induction of mammary adenocarcinoma in
transgenic mice bearing the neu oncogene (24), which en-
codes the mutated rat homolog of p1857ER2,

The experiments presented here demonstrate that a mono-
clonal antibody which recognizes the extracellular domain of
p185HERZ inhibits the proliferation of breast tumor cells
which overexpress this receptorlike protein. Moreover,
treatment with this antibody also sensitizes these tumor cells
to the cytotoxic effects of TNF-a. Monoclonal antibodies
specific for p1857ER2 may therefore be useful therapeutic
agents for the treatment of human neoplasias, including
certain mammary carcinomas, which are characterized by
the overexpressing of p1857=R?
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Overexpression of the ErbB2 receptor, a major component of the ErbB receptor signaling network, contrib-
utes to the development of a number of human cancers. ErbB2 presents itself, therefore, as a target for
antibody-mediated therapies. In this respect, anti-ErbB2 monoclonal antibody 4D5 specifically inhibits the
growth of tumor cells overexpressing ErbB2. We have analyzed the effect of 4D5-mediated ErbB2 inhibition on
the cell cycle of the breast tumor cell line BT474. 4D5 treatment of BT474 cells resulted in a G, arrest, preceded
by rapid dephosphorylation of ErbB2, inhibition of cytoplasmic signal transduction pathways, accumulation of
the cyclin-dependent kinase inhibitor p27*'®', and inactivation of cyclin-Cdk2 complexes. Time courses dem-
onstrated that 4DS treatment redirects p27*®' onto Cdk2 complexes, an event preceding increased p27<'!
expression; this correlates with the downregulation of c-Myc and D-type cyclins (proteins involved in p27Xint
sequestration) and the loss of p27%"*! from Cdk4 complexes. Similar events were observed in ErbB2-overex-
pressing SKBR3 cells, which exhibited reduced proliferation in response to 4D5 treatment. Here, p27%iP!
redistribution resulted in partial Cdk2 inactivation, consistent with a G1 accumulation. Moreover, p27%P!
protein levels remained constant. Antisense-mediated inhibition of p27¥'*! expression in 4D5-treated BT474
cells further demonstrated that in the absence of p27%'"' accumulation, p27%'®! redirection onto Cdk2
complexes is sufficient to inactivate Cdk2 and establish the G, block. These data suggest that ErbB2 overex-
pression leads to potentiation of cyclin E-Cdk2 activity through regulation of p27<'*! sequestration proteins,
thus deregulating the G,/S transition. Moreover, through comparison with an ErbB2-overexpressing cell line
insensitive to 4D5 treatment, we demonstrate the specificity of these cell cycle events and show that ExbB2

overexpression alone is insufficient to determine the cellular response to receptor inhibition.

The ErbB family of type I receptor tyrosine kinases has four
members, ErbBl/epidermal growth factor receptor, ErbB2/
Neu, ErbB3, and ErbB4. Although these receptors share com-
mon structural elements, including an extracellular ligand-
binding domain and an intracellular tyrosine kinase domain,
ligands have been identified only for ErbB1, ErbB3, and ErbB4
(for a review, see reference 16). ErbB2 remains an orphan
receptor, with no diffusible ErbB2-specific ligand identified.
However, ErbB2 can be transactivated through heterodimer-
ization with other ErbB family members (11, 62) and appears
to be their preferred heterodimerization partner (23, 30).
ErbB2-containing heterodimers couple potently to major mi-
togenic signaling cascades, such as the mitogen-activated pro-
tein (MAP) kinase and phosphatidylinositol 3-kinase (PI3-ki-
nase) pathways (16). Moreover, ErbB2 plays a role in the
potentiation and prolongation of ErbB receptor signaling (4,
22, 30, 49).

The role of growth factors and their cognate receptors in cell
growth and differentiation is now well established. Addition-
ally, deregulation of growth factor receptors and/or elements
of their signaling pathways occurs during the stepwise progres-
sion of a normal cell to a malignant phenotype. In this respect,
two ErbB family members, ErbB1 and ErbB2, are involved in
the development of many human cancers, including ovary and
breast cancers. Indeed, amplification of the gene encoding
ErbB2, leading to overexpression of the receptor, was one of

* Corresponding author. Mailing address: Friedrich Miescher Insti-
tute, R-1066.210, Maulbeerstrasse 66, CH-4058 Basel, Switzerland.
Phone: 41 61 697 8089; Fax: 41 61 697 3976. E-mail: hlane@fmi.ch.
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the first consistent genetic alterations found in primary human
breast tumors (6, 70, 71). Furthermore, overexpression of
ErbB2 correlates with a poor patient prognosis not only in
breast cancer (24, 59, 70, 71) but also in other malignancies,
such as ovarian (71) and gastric (84) cancers. These observa-
tions suggest that ErbB2 overexpression provides tumor cells
with a growth advantage leading to a more aggressive pheno-
type. It seems likely, therefore, that an ErbB2-dependent sus-
tained mitogenic stimulus may contribute to the uncontrolled
cell growth associated with tumor progression. This phenom-
enon is presumably due to the formation of active receptor
dimers which signal even in the absence of ligand. In agree-
ment with this hypothesis, treatment with ErbB2-specific anti-
bodies has been shown to selectively inhibit the growth of
tumor cells which overexpress ErbB2 (26, 27, 29, 37, 38). How-
ever, despite the obvious involvement of ErbB2 i tumor pro-
gression, the underlying mechanisms by which overexpression
of this receptor potentiates tumor cell growth remain poorly
understood.

In addition to perturbations in signal transduction networks,
aberrant expression of key cell cycle regulators also contributes
to deregulated cell proliferation during tumor development
(reviewed in references 18 and 28). In nonimmortalized, so-
matic cells genetic integrity during cell division is maintained
through the proper execution of an intrinsic cell cycle machin-
ery. The replication, repair, and segregation of DNA must be
accurately performed in order to prevent the genetic changes
associated with malignant transformation. The major regula-
tors of cell cycle progression are the cyclin-dependent kinases
(Cdks), the periodic activation and inactivation of which reg-
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ulate not only progression through each cell cycle stage but
also transitions from one cell cycle stage into another (for a
review, see reference 47). In G,, for example, passage of cells
from growth factor dependency to growth factor independence
(through the restriction point) is mediated by the sequential
activation of cyclin D-dependent kinases Cdk4 and -6 and
cyclin E-dependent kinase Cdk2 (for a review, see reference
68). These kinases phosphorylate and inactivate growth sup-
pressor proteins of the retinoblastoma protein (pRb) family,
allowing the expression of genes whose activities are required
for S-phase entry (75). The importance of this pathway in
growth control is highlighted by the fact that many of its com-
ponents are commonly mutated, deleted, or aberrantly ex-
pressed in human cancer (for reviews, see references 18 and
28).

The activity of G, Cdks is stringently regulated, not only by
association with specific regulatory cyclin subunits and phos-
phorylation/dephosphorylation events but also through associ-
ation with specific Cdk inhibitors (CKls) (47, 67, 68). There are
two classes of CKIs, the INK4 proteins (INK4a to -d), which
act specifically on c&:lin D-dependent kinases, and the CIP/
KIP family (p21P/Wafl p27KiP! and p57%i2), which bind all
G, cyclin-Cdk complexes (67, 68). In fibroblasts, regulation of

p27°"' function is an essential step in the pathway linking.

mitogenic signals to passage through the restriction point (14).
This is thought to be due to p27<P'-mediated regulation of
cyclin E-Cdk2 activity. Indeed, in vitro, p27%"®! is a more ef-
fective inhibitor of cyclin E-Cdk2 than of cyclin D-Cdk4 (56,
76). Additionally, in vivo, p27%"! mediates inhibition of cyclin
E-Cdk2 in cells that are exposed to growth-inhibitory agents
(57, 72).

Although it was first assumed that CKIs act solely as inhib-
itors of Cdk complexes, members of the CIP/KIP family also
promote the asseml&ly of Cdk4-cyclin D complexes (34). In-
deed, both p21<PYWatl and p27%P! are essential for Cdk4-
cyclin D activity (13), being found in active kinase complexes in
proliferating cells (8, 34, 73, 85). Furthermore, the sequestra-
tion of p27**! (and p21<*"V=1y into higher-order complexes
with cyclin D-dependent kinases appears to play a role in the
activation of cyclin E-Cdk2 as cells progress through late G,. In
this respect, the proto-oncogene c-myc, which is clearly in-
volved in the regulation of cyclin E-Cdk2 activity (7, 36), has
been shown to play a major role in p27~"®! sequestration
through modulation of cyclin D protein levels (10, 54), as well
as possibly other unknown p27%P! sequestration proteins (2,
77). This suggests that a number of p27°Pl-sequestering pro-
teins may exist. The relative contribution of each to cell cycle
control may depend on cellular context.

In this study, we have addressed the question of why ErbB2
overexpression in tumors is associated with more aggressive
growth characteristics. In this regard, an anti-ErbB2 monoclo-
nal antibody (MAb 4D5), directed to the extracellular domain
of the receptor, has been previously shown to specifically in-
hibit the growth of tumor cells overexpressing the ErbB2 re-
ceptor (27, 37, 38). These observations suggest that the growth
of tumors overexpressing ErbB2 may be potentiated by in-
creased ErbB2 receptor signaling. To gain insight into the
consequence of ErbB2 overexpression for tumor development,
we have examined how receptor overexpression impinges on
cytoplasmic signaling pathways and elements of cell cycle con-
trol by analyzing the molecular mechanism of action of this
growth-inhibitory antibody. We show that 4D5 treatment of
BT474 cells, 2 human breast carcinoma cell line overexpressing
ErbB2, results in a stable G, accumulation. This correlates
with rapid downregulation of ErbB2 receptor signaling, in-
creased p27%'" levels, and inactivation of the cyclin E-Cdk2
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complex. We further demonstrate that ErbB2 receptor inhibi-
tion leads to a redistribution of p27¥"! protein onto Cdk2
complexes. This event precedes increases in p27°'P! expres-
sion, paralleling the loss of proteins involved in p27<'?! seques-
tration, and is sufficient to totally inhibit Cdk2 activity and
establish the G, block. These data suggest that in breast tumor
cells ErbB2 overexpression provides an essential signaling el-
ement, leading to the potentiation of cyclin E-Cdk2 activity
through sequestration of the CKI p27%'"', Analysis of a second
overexpressing cell line (SKBR3), which exhibits reduced pro-
liferation in response to 4D5 treatment, supports this hypoth-
esis. Furthermore, through comparison with an ErbB2-overex-
pressing, gastric carcinoma cell line (MKN?7) insensitive to 4D5
treatment, we demonstrate that the growth response to 4D5-
mediated inhibition of ErbB2 receptor function is tumor spe-
cific and may correlate with ErbB receptor expression profiles
and/or the absence of compensatory mitogenic signaling path-
ways.

MATERIALS AND METHODS

Cell culture, growth assays, lysate preparation, and flow cytometry. Breast
carcinoma (BT474, T47D, and SKBR3) cells were obtained from the American
Type Culture Collection (Manassas, Va.) and grown in Dulbecco’s modified
Eagle’s medium (GIBCO BRL, Gaithersburg, Md.), supplemented with 10%
fetal calf serum, at 37°C and 5% CO,. Gastric carcinoma (MKN7) cells were
kindly provided by C. Benz (University of California, San Francisco) and cul-
tured as described above except that the Dulbecco’s modified Eagle’s medium
was mixed 1:1 with Har's F-12 (GIBCO BRL). BT474, SKBR3, and MKN7 cells
were considered ErbB2 overexpressors by the criterion that they express approx-
imately 0.5 X 10° to 1.0 X 10° receptors/cell (1. Harwerth and N. E. Hynes,
unpublished results; see also reference 37). For growth assays, cells were plated
at a density of 2,000 cells/cm? or as stated in the text. After 24 h of incubation,
the medium was changed and either the purified mouse MAb 4D5 (kindly
supplied by Genentech, Inc., South San Francisco, Calif.) or FRP5 (25) was
added to a final concentration of 10 pg/ml. Both of these antibodies are of the
isotype immunogiobulin Gl. Cells were trypsinized at the times stated and
counted in a hemocytometer. Cells grown for more than 4 days were refed with
fresh medium, with or without antibody, on day 4.

For direct measurements of DNA synthesis, cells were seeded onto acid-
washed glass coverslips and cultured in the presence of antibody as described
above. After the times stated, bromodeoxyutridine (BrdU) was added for 4 h, the
cells were fixed, and BrdU incorporation into nuclei was revealed by immuno-
fluorescence as previously described (35). Cells were counted, and the percent-
age with BrdU-labeled nuclej was calculated.

For preparation of protein lysates, cells were plated at a density of 3 X 10°
cells/em®. After 24 h of incubation, the medium was changed and 4D5 or FRP5
was added to a final concentration of 10 pg/ml. At the times indicated, cells were
first washed with ice-cold phosphate-buffered saline (PBS) containing | mM
phenylmethylsulfonyl fluoride and then with buffer containing 50 mM HEPES
(pH 7.5). 150 mM NacCl, 25 mM B-glycerophosphate, 25 mM NaF, 5 mM EGTA,
1 mM EDTA, 15 mM pyrophosphate, 2 mM sodium orthovanadate, 10 mM
sodium molybdate, leupeptin (10 wg/ml), aprotinin (10 pg/ml), and 1 mM phe-
nylmethylsulfony! fluoride (protease inhibitors from Sigma Chemical, St. Louis,
Mo.). Cells were extracted in the saine buffer containing 1% NP-40. After
homogenization, lysates were clarified by centrifugation and frozen at —80°C.
Protein concentrations were determined with the Bio-Rad (Munich, Germany)
protein assay reagent.

To analyze the cell cycle profile of cells, cultures were seeded and treated with
antibody as for the preparation of protein lysates. At the times indicated, cells
were trypsinized, washed twice with ice-cold PBS, and resuspended in propidium
iodide bufter (1 mM sodium citrate [pH 4.0], 1.5 mM NaCl, 5 mM EDTA., 5 mM
EGTA, 0.1% NP-40, 4 pg of propidium iodide/ml, and 80 wg of RNase A/ml in
PBS). After 30 min of incubation on ice, cell cycle distribution was monitored
with a Becton Dickinson FACScan flow cytometer.

Immunological techniques. For immunoblot analysis of cell cycle regulators
and signal transducers, clarified protein lysates (30 to 50 pg) were electrophoreti-
cally resolved on denaturing sodium dodecyl sulfate (SDS)-polyacrylamide gels
(7.5 to 14%), transferred to polyvinylidene difluoride (Boehringer Mannheim
GmbH, Mannheim, Germanﬂ, and probed with the following primary antibod-
ies: anti-cyclin A and -p455%"= (kindly supplied by W. Krek, Friedrich Miescher
Institute, Basel, Switzerland); anti-c-Myc (9E10), -cyclin E (C-19), -cyclin D2
(C-17), —cyclin D3 (C-16), ~Cdk2 (M2), and -Cdk4 (C-22; from Santa Cruz
Biotechnology, Santa Cruz, Calif.); anti-cyclin D1 (DCS-6; Novocastra Labora-
tories Ltd., Newcastle upon Tyne, United Kingdom); anti-pRb (G3-245; Pharm-
ingen, San Diego, Calif.); anti-p27"! (Transduction Laboratories, Lexington,
Ky.); and anti-protein kinase B (PKB), -phospho-PKB (serine 473), -Erk1/2, and
~phospho-Erk1/2 (threonine 202/tyrosine 204; New England Biolabs, Inc., Bev-
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erley, Mass.). Decorated proteins were revealed using horseradish peroxidase-
conjugated anti-mouse or anti-rabbit immunoglobulins followed by enhanced
chemiluminescence (ECL kit; Amersham Pharmacia Biotech, Buckinghamshire,
United Kingdom).

For Cdk2-p27%P! and Cdk4-p27"'P! coimmunoprecipitation experiments,
clarified protein lysates (70 to 150 pg for Cdk2 and 350 wg for Cdk4) were
precleared with 10 wl of protein A Sepharose (Sigma) and then precipitated with
2 pg of anti-Cdk2 (M2) or anti-Cdk4 (H-22; Santa Cruz Biotechnology) antibody
previously coupled to protein A-Sepharose. Beads were washed thoroughly in
extraction buffer, and Cdk-p27X"! levels were analyzed by immunoblotting as
described above.

For analysis of ErbB receptor protein and phosphotyrosine levels, protein
extracts were either precipitated with an antibody specific for ErbB! (500 g with
antibodies 528 and R-1 mixed 1:1), ErbB3 (400 g with antibody C-17), ErtbB4
(500 pg with antibody C-18; from Santa Cruz Biotechnology), or ErbB2 (60 to
200 g with antibody 21N; specific for the intracellular domain of the receptor
[49]). ErbB protein and tyrosine phosphorylation levels were analyzed by immu-
noblotting as described above, using anti-ErbB1 (1005; Santa Cruz Biotechnol-
ogy), ErbB3 (C-17), ErbB4 (C-18), or ErbB2 (2IN) antibody and a phosphoty-
rosine-specific MAb as previously described (49). Stripping of membranes for
reprobing was performed as previously described (49).

Histone H! kinase assays. Histone HI kinase assays were performed using
Cdk2 (M-2) immunoprecipitates (from 50 p.g of lysate protein) or cyclin E (C-19)
immunoprecipitates (from 75 g of lysate protein) as previously described (81)
except that the amount of histone H1 (Boehringer Mannheim) per assay was
increased to 5 pg and the final reaction volume was reduced to 20 pl. Phosphor-
ylated proteins were resolved by SDS-polyacrylamide gel (10%) electrophoresis
(PAGE) and analyzed by autoradiography and scintillation counting.

p27¥ir! antisense assays. Antisense and mismatch p27°P! phosphorothioate
oligonucleotides, modified by the addition of a propynyl group to the pyrimidine
bases, were prepared and purified by reversed-phase chromatography by Mi-
crosynth (Balgach, Switzerland). Due to sequence conservation between the
murine and human p27%"! genes, the antisense and mismatch sequences utilized
were the same as those previously used for the inhibition of p27%! expression
in murine fibroblasts (14). BT474 cells were plated as stated above for the
preparation of cell lysates. After 24 h of incubation, cells were treated with 50 nM
oligonucleotides mixed with LipofectAMINE (or LipofectAMINE alone as a
control) for 5.5 h as instructed by the manufacturer (GIBCO BRL). After this
time, cells were washed and refed with normal culture medium. The cells were
then allowed to recover for 3 to 5 h before the addition of antibody 4D5 (10
pg/ml). At the times stated (i.e., subsequent to antibody addition), cells were
either extracted for lysate production or trypsinized for flow cytometry as de-
scribed above.

In vivo [**P]orthophosphate-labeled tryptic phosphopeptide mapping of the
ErbB2 receptor. Cells were cultured as stated above for the preparation of cell
lysates. After 24 h of incubation, cells were deprived of phosphate for 12 h (using
phosphate-free medium supplemented with 10% normal phosphate-containing
medium) and labeled with [*?PJorthophosphate (Amersham) for 4 h. In the
continued presence of [**PJorthophosphate, cells were subsequently treated with
antibody 4D35 or FRPS (10 pg/ml) for 1 h; equal cell numbers were extracted for
each treatment (twice as many MKN7 as BT474 cells were extracted due to the
lower stoichiometry of ErbB2 phosphorylation in this cell line), and the ErbB2
receptor was immunoprecipitated as described above. Phosphorylated ErbB2
was excised from the gel, and tryptic phosphopeptide mapping was performed as
previously described (49).

RESULTS

Treatment of BT474 cells, but not MKN7 cells, with MAb
4D5 induces a stable growth arrest. Primary tumors overex-
pressing ErbB2 show a more aggressive phenotype which is
associated with poor patient prognosis. The precise role of
ErbB2 overexpression in tumor development, however, is not
determined. To address this question, we have screened a
number of ErbB2-overexpressing tumor cell lines for MAb
4D5 sensitivity. An isotype-matched MAb (FRPS5), which rec-
ognizes the extracellular domain of ErbB2 but is not growth
inhibitory (25, 26), was used as a negative control. From this
analysis, and in agreement with previous work (37, 38), the
growth of the breast carcinoma cell line BT474 was found to be
drastically inhibited by 4D5 treatment over a 7-day period (Fig.
1A, bottom). This correlated with a 10-fold decrease in S-
phase fraction, as determined by pulse-labeling of antibody-
treated cells with BrdU followed by immunofluorescence (Fig.
1B). In contrast, the growth of MKN7 cells, an ErbB2-overex-
pressing, gastric carcinoma cell line, was unaffected by 4D3
(Fig. 1A, top; see also reference 37). In both cell lines, FRP3
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FIG. 1. Proliferation assays of BT474 and MKN7 cells treated with anti-
ErbB2 antibodies. MKN7 and BT474 cells were seeded at a density of 2,000
cells/cm?; after 24 h of incubation, the medium was changed and either MAb
FRP5 or MAb 4D5 was added to a final concentration of 10 wg/ml, or an equal
volume of PBS was added. After 4 and 7 days of incubation, cells were
trypsinized and total cell number was calculated (A), or after 4 days, cells were
pulse-labeled with BrdU for 4 h and BrdU incorporation into nuclei was revealed
by immunofluorescence (B). Shown are the percentages of nuclei labeled with
BrdU during the pulse period.

had little effect; after 7 days of incubation, FRP5-treated cells
displayed slightly increased cell numbers compared to un-
treated controls (Fig. 1A), possibly due to the partially agonis-
tic effects of this antibody on the ErbB2 receptor (25, 41).
These data indicate, therefore, that although both of these cell
lines overexpress ErbB2 (Fig. 2A; see Materials and Methods),
they exhibit quite different responses to 4D35 treatment. This
variability between cellular responses to 4D5 treatment has
been previously reported (37, 38) and may reflect different
dependencies on ErbB2 overexpression among tumor cell
lines.

MAD 4D5-mediated growth inhijbition is independent of ef-
fects on receptor phosphorylation. Both MAb FRP5 and 4D5
elficiently bind the extracellular domain of ErbB2 (25, 37). The
growth defect seen, therefore, is presumably caused by a sus-
tained antibody-specific effect on the ErbB2 receptor, which in
BT474 cells is manifested by growth inhibition. Immunoblot
analysis of ErbB receptor immunoprecipitates revealed that
BT474 and MKN7 cells express quite different ErbB receptor
complements (Fig. 2A). While both clearly overexpressed
ErbB2, in contrast to a low-expressing breast tumor cell line
(T47D), ErbB2 derived from BT474 cell exiracts was highly
phosphorylated in comparison with that derived from MKN7
(Fig. 2A, compare top and bottom panels). This elevated
ErbB2 tyrosine phosphorylation correlated with coexpression
of ErbB3 (Fig. 2A, top), the preferred and most potent het-
erodimerization partner of ErbB2 (55, 79), and suggests that
ErbB2 is more active as a tyrosine kinase in BT474 cells than
in MKN7 cells. Interestingly, although ErbB3 protein could
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FIG. 2. Screen of ErbB receptor protein and tyrosine phosphorylation levels
and effects of anti-ErbB2 antibody treatment on tyrosine phosphorylation of the
ErbB2 receptor in BT474 and MKN?7 cells. Cells were seeded at a density of 3 X
10* cells/em? After 24 h of incubation, extracts were made and ErbB receptor
protein (ErbB) and phosphotyrosine (Phosphotyr) levels were analyzed follow-
ing immunoprecipitation of the appropriate receptor (A). Cells were seeded as
described above, and either MAb FRPS or MAb 4D5 was added to a final
concentration of 10 pwg/ml or an cqual volume of PBS was added. Extracts were
prepared, and ErbB2 protein and phosphotyrosine levels were assessed after 48 h
of incubation (B) or at the times indicated (C) following immunoprecipitation
(IP) with the ErbB2-specific polyclonal antibody 21N. Preimmune control pre-
cipitations are indicated (PI). In panels B and C, longer exposures were required
for MKN7 cells due to the lower ErbB2 tyrosine phosphorylation levels in these
cells than in BT474 cells. The exposures shown, therefore, do not represent a
quantitative comparison of the two cell lines but were chosen to most clearly
represent phosphorylation changes induced as a result of 4D5 treatment.

not be detected by immunoblotting in MKN7 cells, ErbB1 was
highly expressed and highly phosphorylated in this cell line
(Fig. 2A, top and bottom panels). In BT474 cells, however,
ErbBl expression was equivalent to that of a moderately ex-
pressing cell line (data not shown). ErbB4 protein, in contrast,
was just detectable in BT474 cells compared to a known non-
expressing (SKBR3) and moderately expressing (T47D) cell
line. No ErbB4 was detected in MKN7 cells, and in all cell
lines, tyrosine phosphorylation was undetectable (Fig. 2A,
compare top and bottom panels), indicating that ErbB4 is not
a major signaling element in these cells in the culture condi-
tions used. These observations suggest that the relative activity
of overexpressed ErbB2 may depend on the coexpression of
other ErbB receptors, such as ErbB3. Furthermore, in MKN7
cells, overexpression of ErbB1 alone is insufficient to fully
activate ErbB2.

To address the question of whether differences in cellular
response to 4D5 treatment are reflected by differential effects
on ErbB2 receptor signaling capacity, immunoblot analyses of
ErbB2 receptor protein and phosphotyrosine levels after anti-
body treatment were performed. After 48 h of 4DS5 treatment,
a dramatic decrease in ErbB2 tyrosine phosphorylation was
observed in BT474 cells (Fig. 2B, left). This was accompanied
by a resultant increase in the electrophoretic mobility of the
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receptor. However, no significant decrease in ErbB2 receptor
levels was observed, even after these long treatment times.
Furthermore, a similar analysis of 4D5-treated MKN7 cells
also revealed receptor dephosphorylation with no effect on
protein levels (Fig. 2B, right). To analyze the kinetics of re-
ceptor dephosphorylation, time courses of 4D5 {reatment of
BT474 and MKN7 cells, with FRP5 as a control, were per-
formed. Strikingly, decreased ErbB2 tyrosine phosphorylation
was observed within 10 min of 4D5 treatment in both cell lines,
and this lower level was maintained for 1 h (Fig. 2C). De-
creases in total receptor phosphorylation were also observed if
cells were cultured in medium containing **P; and subse-
quently treated for 1 h with 4DS5, followed by immunoprecipi-
tation of the ErbB2 receptor (Fig. 3A). Additionally, in agree-
ment with previous reports (25, 41), FRPS5 treatment of both
cell lines rapidly induced ErbB2 phosphorylation (Fig. 2C and
3A). Taken together, these data indicate that treatment of
BT474 or MKN7 cells with MAb 4D5 or FRP5 results in
comparable effects on ErbB2 phosphorylation.

To determine whether the 4D3-induced changes in ErbB2
receptor phosphorylation was due to dephosphorylation of
specific sites or represented a general effect on receptor phos-
phorylation, tryptic phosphopeptide mapping of **P;-labeled
ErbB2 immunoprecipitates from MAb-treated cell lines, as in
Fig. 3A, was performed. In vivo-labeled ErbB2 from untreated,
asynchronously growing BT474 cells exhibited phosphopeptide
maps similar to those observed in MKN7 cells (Fig. 3B, com-
pare top panels). As expected from the above results, FRP5
treatment of BT474 cells induced increases in the phosphory-
lation of a number of phosphopeptides (i.e., a through d) while
not affecting the relative phosphorylation state of others (i.e.,
e and f; Fig. 3B, bottom left). In contrast, 4D5 treatment of
BT474 cells led to the disappearance of b, ¢, and d and to a
decrease in the intensity of a, e, and f, suggesting that it caused
a general dephosphorylation of the ErbB2 receptor (Fig. 3B,
bottom right). Quantitatively similar results were observed in
MEKNT cells (data not shown). In conclusion, thercfore, treat-
ment with 4D5 induces general receptor dephosphorylation in
both BT474 and MKNT7 cells.

MADb 4D5 treatment inhibits cytoplasmic signaling in BT474
cells but not in MKN7 cells. ErbB2 plays a pivotal role in ErtbB
receptor-mediated activation of the major cytoplasmic, mito-
genic signaling pathways, such as the MAP kinase and PI3-
kinase pathways (4, 16, 22, 30, 49). We therefore investigated
the effects of 4D5 treatment on these pathways in both BT474
and MKN7 cells (Fig. 4). As a readout for the MAP kinase and
PI3-kinase pathways, the activation states of the Erk1/2 protein
kinases and PKB, respectively, were measured by immunoblot-
ting with antibodies specific for activating phosphorylation
sites (see Materials and Methods). Consistent with effects on
ErbB2 receptor phosphorylation (Fig. 2C), a dramatic de-
crease in PKB phosphorylation was observed within 10 min of
4D5 treatment in BT474 cells (Fig. 4, middie). This reduction
was maintained for at least 4 h (Fig. 4 and data not shown).
Equivalent effects on Erkl/2 phosphorylation were not ob-
served, although a reduction in phosphorylation was seen at
later times (Fig. 4, bottom, and data not shown). In this re-
spect, however, in contrast to PKB phosphorylation, Erk1/2
phosphorylation appeared to be comparatively low in BT474
cells and was dramatically induced by FRPS treatment (Fig. 4,
middle and bottom; compare BT474 and MKN?7). This indi-
cates that the MAP kinase pathway may not be optimaliy
activated under normal growth conditions in these cells. Sur-
prisingly, a similar analysis of MKN7 cells gave no indication of
4D5-mediated downregulation of either of these pathways
(Fig. 4, middle and bottom). A slight increase in Erk1/2 and
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FIG. 3. In vivo [**PJorthophosphate labeling of the ErbB2 receptor in BT474
and MKN?7 cells after anti-ErbB2 antibody treatment; tryptic phosphopeptide
mapping. Cells were seeded as in Fig. 2. Twice as many MKN7 cells as BT474
cells were seeded (see Materials and Methods). After 24 h of incubation, cells
were deprived of phosphate for 12 h and then prelabeled with [*?PJorthophos-
phate followed by addition of MAb FRP5, MAb 4DS5, or an equal volume of PBS
for 1 h. Equal amounts of BT474 cell extracts (doubled in the case of MKN7
extracts) were immunoprecipitated with the anti-ErbB2 antibody 21N, and la-
beled proteins were identified by separation using SDS-PAGE (7.5% gel) (A).
The labeled ErbB2 receptor protein was excised and analyzed by tryptic phos-
phopeptide mapping (B). Specific tryptic phosphopeptides are indicated by let-
ters, and the origin is shown by a plus sign. Gels and tryptic phosphopeptide
maps were analyzed with a phosphorimager. Although MKN7 samples were
exposed for longer than BT474 samples, due to lower stoichiometry of phos-
phorylation, the same exposure is shown for each treatment protocol. The
amount of label incorporated into the immunoprecipitated ErbB2 protein in
panel A was quantified by scintillation counting, BT474 cells treated with MAb
FRP3 and MAD 4D5 had 158 and 60% *2P incorporation, respectively, compared
to the control (PBS)-treated cells. MKN7 cells treated with MAb FRPS and
MADb 4D5 had 139 and 75% **P incorporation, respectively, compared to the
control (PBS)-treated cells.

PKB phosphorylation was observed after 10 min of 4D5 treat-
ment. However, this was not apparent at later times and was
shown to be due to the medium change at the beginning of the
experiment (Fig. 4 and data not shown). These data demon-
strate that despite similar effects of 4D5 treatment on receptor
phosphorylation levels in both BT474 and MKN?7 celis, only
BT474 cells exhibit downstream effects on cytoplasmic signal-
ing molecules. This suggests that receptor dephosphorylation
alone is insufficient to determine the cellular response of
ErbB2-overexpressing tumor cells to 4D5-induced receptor in-
hibition.

MAb 4D5 treatment induces a G, arrest in BT474 cells
which correlates with accumulation of p27%®! and Cdk2 in-
activation. To more accurately define the 4D5-specific growth
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FIG. 4. Analysis of PKB and Erkl/2 phosphorylation after treatment of
BT474 and MKN7 cclls with anti-ErbB2 antibodies. Cells were seeded and
treated with MAb FRP5 or MAb 4D5 as in Fig. 2. At the times indicated, cells
were extracted and the protein levels (top) and phosphorylation (PO, ™) states of
PKB (middle) and Erk1/2 (bottom) were evaluated by immunoblotting. Un-
treated cells (t = 0) were included as controls.

suppression of BT474 cells, the cell cycle profiles of antibody-
treated cells were analyzed after 48 h treatment using flow
cytometry. As expected from previous proliferation assays (Fig.
1), FRP5 had no effect on cell cycle distribution compared to
untreated controls (Fig. 5). However, 96% of 4D5-treated cells
accumulated in G, (Fig. 5). This G, arrest was stable for up to
a week (data not shown), indicating that these cells were
blocked in the ability to progress into S phase of the cell cycle.
No evidence of apoptosis was observed. Indeed, if 4D5 was
removed from the culture medium, the cells were able to
reenter the cell cycle (data not shown), confirming that this is
a cytostatic rather than cytotoxic agent.

To identify the molecular basis of this G, arrest, an initial
screen of effects on the levels and activity of G, regulators was
performed. For this, BT474 cell extracts were prepared after
48 h treatment with MAb 4D5 or FRP5 and analyzed by
immunoblotting (Fig. 6A and B). As expected, markers of
S-phase progression (cyclin A and p455%F2) as well as G,/M
(cyclin B1) were almost completely absent in 4D5-treated cells.
Additionally, pRb was found exclusively in its hypophosphor-
ylated, active, growth suppressor state. FRPS treatment, in
contrast, had no effect on the expression of these proteins or
on pRb phosphorylation (Fig. 6A). Analysis of G, Cdk and
cyclin levels demonstrated no changes in Cdk4, Cdk®, cyclin E,
or cyclin D1 expression, whereas cyclin D2 and D3 levels were
reduced in 4D5-treated cells (Fig. 6A and B). Most strikingly,
however, the CKI p27**! was dramatically increased in 4D5-
treated cells, a phenomenon correlating with the disappear-
ance of the faster-migrating, active form of Cdk2 (Fig. 6B).
Immunoprecipitation of Cdk2, followed by either immunoblot-
ting for associated p27! or by histone HI kinase assay,
showed an increase in Cdk2-p27"P! association and almost
complete Cdk2 inactivation (Fig. 6C). No effects on the protein
levels of other CKIs (including p21©P!/Wakl p57Kip2 51 5INRab.
and p16™**) were observed (data not shown). Surprisingly,
multiple independent kinase assays revealed that Cdk4 activity
(the major cyclin D-dependent kinase expressed in BT474
cells) remained little affected in these experiments despite
decreased cyclin D levels (data not shown). As cyclin D pro-
teins are not completely lost, this maintenance of activity could
be due to there being sufficient cyclin D to maintain Cdk4
activity. It should also be noted that FRP5-treated cells showed
reproducible increases in cyclin D1 protein expression as well
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FIG. 5. Analysis of cell cycle distribution after treatment of BT474 cells with
anti-ErbB2 antibodies. BT474 cells were seeded as in Fig. 2. After 24 h of
incubation, the medium was changed, and MAb FRP5, MAb 4D3, or PBS was
added as in Fig. 2. After 48 h, cells were harvested by trypsinization and nuclei
were stained with propidium iodide. Shown is flow cytometry analysis of anti-
body-treated cells compared to PBS-treated controls (top). Percentages of cells
in each cell cycle stage are indicated (bottom).

as increased Cdk2 activity (Fig. 6A and C). The partial ago-
nistic effect of this antibody could explain this phenomenon
(25, 41). Taken together, these data indicate that 4D5 treat-
ment of BT474 cells induces increased p27%P! protein levels,
leading to the inhibition of Cdk2, events which do not occur
with a noninhibitory control antibody.

To further determine a possible relationship between in-
creased p27¥"P? expression and the G, block, BT474 cells were
treated for 4 10 48 h with 4D5 and, at the times shown (Fig. 7),
either extracted and analyzed for markers of G, arrest by
Western blotting (Fig. 7B) or trypsinized, and the cell cycle
profile was determined by flow cytometry (Fig. 7A). Untreated
cells (time [t] = O h) and cells treated for 48 h with FRPS5 were
used as controls. The results showed that 4D5-induced effects
on pRb phosphorylation, as well as on cyclin A, cyclin B1, and
p45%%*2 Jevels, became apparent only between 24 and 36 h
(Fig. 7B), coincident with a large proportion of cells having
accumulated in G, (Fig. 7A; 87 and 96% in G, at 24 and 36 h,
respectively). In contrast, p27%¥®! levels increased after 8 h,
well before the G, block was evident (77.5 and 74% in G, at 0
and 8 h, respectively). The timin% of p27%"*! accumulation
would, therefore, suggest that p27P!-mediated inhibition of
Cdk2-cyclin E activity is the direct cause of the G, block.

MAD 4D5-induced Cdk2 inactivation parallels increased
p27%"®'.Cdk2 association, downregulation of D-type cyclins
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FIG. 6. Analysis of G, regulators in anti-ErbB2 antibody-treated BT474
cells. BT474 cells were seeded and treated with MAb FRP5, MAb 4D5, or PBS
as in Fig. 2. After 48 h, cells were extracted and the protein levels of G,
regulators were evaluated by immunoblotting (A and B). Additionally, p27Xir!
association with Cdk2 complexes, and Cdk?2 activity, was assessed through im-
munoprecipitation (IP) of Cdk2 followed by immunoblotting for associated
p27¥%®! protein or in vitro histone H1 kinase assay (C). Preimmune control
precipitations are indicated (PI).

and the c-Myc transcription factor, and loss of p27%** from
Cdk4 complexes. The above data support the hypothesis that in
BT474 cells inhibition of ErbB2 receptor function through 4D3
treatment induces p27'P! protein accumulation by an un-
known mechanism. However, a closer analysis of the kinetics of
Cdk2 inactivation demonstrated that after only 2 h of 4D5
treatment, Cdk2 activity had already decreased (Fig. 8A) de-
spite no increase in p27<'! levels at this time (Fig. 8B). In-
deed, after 8 h, when p27XP! levels were just starting to in-
crease, total Cdk2 activity had decreased to approximately
50% of normal levels, reaching minimum levels after 24 h when
p27%"! protein levels were not yet maximal (Fig. 8). Further-
more, similar kinetics of inactivation were seen if Cdk2 activity
was measured after immunopreci?(iitation of cyclin E (Fig. 8A).
Subsequent analysis of Cdk2-p27%"P! association, in immuno-
precipitates from the same samples, revealed that p27%¥!
started to accumulate on Cdk2 within 2 h of 4D5 treatment,
reaching a peak after 16 to 24 h (Fig. 8B). At later times (36 to
48 h), less p27*P! appeared to be associated with Cdk2. How-
ever, this was coincident with decreased Cdk2 levels which,
along with reduced pRb expression (Fig. 6A), was always ob-
served after longer treatments with 4D5 and may represent a
delayed program of adaptation to the G, block.

Increased association of p27%P! with Cdk2 correlates with
Cdk2 inactivation in 4D5-treated BT474 cells, and both events
begin prior to the accumulation of p27%'"! protein. One must
consider, therefore, that 4D5 treatment results in the rapid
release of an intracellular pool of sequestered p27%** protein.
Cyclin D-dependent kinase complexes, as well as the ¢-Myc
transcription factor, play major roles in the regulation of
p27%"! sequestration (see the introduction). With this in mind,
therefore, we performed a more detailed time course of 4D5
treatment and analyzed the extracts for correlations between
changes in p27°"'-Cdk2 association and c-Myc or cyclin D
protein expression (Fig. 9A). Strikingly, c-Myc protein levels
decreased within 1 h of 4D5 addition, reaching a minimum
level within 2 h. This decrease correlated exactly with the initial
accumulation of p27%P! on Cdk2 in the same samples (Fig.
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FIG. 7. Time course of the effect of MAb 4D35 treatment on the cell cycle
distribution and the levels of cell cycle markers in BT474 cells. BT474 cells were
seeded and treated with MAb FRP5 or MAb 4D5 as in Fig. 2. At the times
shown, cells were trypsinized, and half of the sample was either stained with
propidium iodide and analyzed for cell cycle distribution using flow cytometry
(A) or extracted for immunocblot analysis of the proteins indicated (B). Un-
treated cells (t = 0) and cells treated for 48 h with MAb FRPS5 were included as
controls.

9A) but was transient, as c-Myc protein levels began to recover
after 16 h, reaching normal levels after 36 to 48 h (Fig. 9A and
data not shown). Cyclin D levels also decreased with similar
kinetics (Fig. 9A). The previous immunoblot analysis (Fig. 6A)
demonstrated that after 48 h of 4D5 treatment, cyclin D1 was
present at normal levels. Subsequent analysis of longer time
courses indicated that, as with c-Myc, cyclin D1 levels did
indeed recover at later times, reaching normal levels by 48 h
(not shown). Taken together, the rapid downregulation of c¢-
Myc and cyclin D }g(rotems provides an explananon for the
redistribution of p27<! onto Cdk2 complexes after 4D5 treat-
ment, Indeed, in this context, loss of p27®' from cyclin D-
Cdk4 complexes was observed after 4D5 treatment and corre-
lated with increased p27*"P'-Cdk2 complex formation (Fig.
9B).

Redirection of p27%'** protein onto Cdk2 complexes occurs
in the absence of increased p27*'** expression in SKBR3 cells:
correlation with partial Cdk2 inactivation and reduced prolif-
eration levels. To extend the observations made in BT474 cells,
a similar cell cycle analysis was performed on a second ErbB2-
overexpressing cell line (SKBR3) sensitive to 4D5 treatment.
Intriguingly, growth assays demonstrated that the proliferation
rate of these cells was reproducibly reduced by approximately
50% as a result of 4D5 treatment (Fig. 10A), indicating that
these cells were less sensitive to antibody-mediated ErbB2
receptor inhibition than BT474 cells. This decrease in prolif-
eration rate was not dependent on cell density (Fig. 104,
compare Expt. 1 with Expt. 2) and correlated with a 10 to 15%
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FIG. 8. Time course of Cdk2 inactivation and Cdk2-p27Kip1 complex for-
mation in MADb 4D5-treated BT474 cells. BT474 cells were seeded and treated
with MAb FRP5 or MAD 4DS35 as in Fig. 2. At the times indicated, cell extracts
were prepared and immunoprecipitated with Cdk2-specific or cyclin E-specific
antibodies followed by in vitro histone HI kinase assay (A). Additionally, the
levels of p27¥"P! and Cdk2 protein in the same extracts were either analyzed
directly by immunoblotting (WB) or after immunoprecipitation (IP) with Cdk2-
specific antibodies (B). Untreated cells (t = 0) and cells treated with MAb FRPS
for 48 h were included as controls. Cdk2 kinase activity is expressed as percent-
age of control (t = 0) cells.

increase in the proportion of cells in G, as judged by flow
cytometry (Fig. 10B and data not shown), suggesting a delay in
G,-to-S progression. This possibility was supported by the ob-
servation that the phosphorylation state of pRb was reduced
after 24 h of 4D5 treatment, with a higher proportion being
found in the hypophosphorylated, growth suppressor state
(Fig. 10C). Additionally, cyclin A protein expression was re-
duced, but not completely absent, consistent with the fact that
these cells were still proliferating at a lower rate in the pres-
ence of 4D5 (Fig. 10C). As expected, treatment with the con-
trol antibody FRPS had no growth-inhibitory effects and again
appeared to be partially agonistic (Fig. 10).

Further analysis of 4D5-treated cells demonstrated that
p27¥®! protein was indeed redirected onto Cdk2 complexes
(Fig. 10C). This correlated with a reduction in c-Myc and cyclin
D protein levels, a reduction in the intensity of the faster
migrating, active form of Cdk2 and a reduction in Cdk?2 activity
to 43% of that seen in untreated cells (Fig. 10C). Interestingly,
no increase in p27%'?! levels was observed after either 24 h
(Fig. 10C) or 48 h (not shown) of 4D5 treatment. SKBR3 cells,
therefore, exhibited 4D5-induced effects on p27<P! sequestra-
tion protein levels and p27%'-Cdk2 complex formation simi-
lar to those observed in BT474 cells. In contrast, redirection of
p27%%"! onto Cdk?2 complexes in SKBR3 cells was insufficient
to totally inactivate Cdk?2, a situation reflected in the growth
characteristics of these cells. These data suggest that the extent
of growth inhibition elicited by 4DS5 treatment is cell type
specific and correlates with the degree of Cdk2 inactivation.
Moreover, an increase in p27"'! expression is not a universal
response to ErbB2 inhibition in 4D5-sensitive cells.
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FIG. 9. Time course of MAb 4D3-induced effects on Cdk/p27¥¥P! association
and levels of proteins involved in p27%P! sequestration in BT474 cells. BT474
cells were seeded and treated with MAb FRP3 or MAb 4D5 as in Fig. 2. At the
times indicated, cell extracts were prepared and analyzed by immunoblotting
(WB) either directly or after immunoprecipitation (IP) with Cdk2-specific anti-
bodies (A). Additionally, p27%! association with Cdk2 and Cdk4 was analyzed
by immunoblotting after immunoprecipitation (IP) with Cdk2- or Cdk4-specific
antibodies (B). Untreated cells (t = 0) and cells treated with MAb FRPS for 24 h
were included as controls. )

An equivalent response to MAb 4D5 treatment is not ob-
served in MKN7 cells. If the molecular events observed in
BT474 and SKBR3 cells were indeed related to growth inhi-
bition, it would be expected that they would not occur in
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MKNT7 cells, as these cells were not growth inhibited by treat-
ment with 4D5 (Fig. 1A). To address this question, a time
course of 4DS5 treatment was performed with MKN7 cells.
Here, no increase in p27*“P! protein levels or p27¥P'-Cdk2
association was observed, even after 24 h (Fig. 11) or 48 h (not
shown) of 4D5 treatment. Furthermore, c-Myc and cyclin D
protein levels were little affected (Fig. 11). These data suggest
that the cell cycle effects observed in BT474 and SKBR3 cells
are related to growth inhibition, rather than being nonspecific
events.

Increased p27%P! Jevels are not required for MAb 4D5-
induced p27%'**-Cdk2 association, Cdk2 inactivation, and G,
arrest in BT474 cells. In BT474 cells, increased p27<'P'-Cdk2
complex formation correlated with Cdk2 inactivation and pre-
ceded increased p27<'P! expression. This observation prompted
the question of whether increased p27* P! expression is an
essential component in mediating the G, block induced by
ErbB2 receptor inhibition in BT474 cells, or whether it is
simply a consequence of 4D5-induced Cdk2 inactivation. This
question was particularly relevant considering the absence of
p27¥"! induction in SKBR3 cells, which displayed only partial
Cdk2 inhibition in response to 4D5 treatment (Fig. 10C). To
address this issue, therefore, we used an antisense approach to
assess the cell cycle effects of preventing 4D5-specific increases
in p27%iP! protein levels in BT474 cells. For this, a specific
15-base p27¥P! antisense oligonucleotide and a mismatch con-
trol oligonucleotide were constructed as previously described
(14) (see Materials and Methods) and introduced into BT474
cells by lipofection. Immunoblots of lipofection-treated BT474
cells, subsequently treated for 24 or 36 h with 4D3, revealed
that although p27%iP! levels increased as a result of 4D5 treat-
ment in both untreated and mismatch controls, p27¥%" protein
levels were unaffected by 4DS5 in cells treated with antisense
oligonucleotide (Fig. 12A). These data demonstrate the effi-
cacy of antisense-mediated inhibition of p27*"! protein ex-
pression in this system. Strikingly, when the cell cycle profile of
the same cells was analyzed by flow cytometry, antisense-
treated cells were still found to be blocked in G, as a result of
4D5 treatment, to an extent similar to that for untreated or
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FIG. 10. Effects of anti-ErbB2 MADb treatment on SKBR3 cell proliferation and the expression and activity of G, regulators. SKBR3 cells were seeded as in Fig.
2. (A, Expt. 1; B and C) or at half the density (A, Expt. 2). After 24 h of incubation, PBS, MAb FRP5, or MAb 4D5 was added as in Fig. 2, and cells were treated as
follows: (A) incubated for 4 days and trypsinized, alter which total cell number was calculated; (B) incubated for 24 h, trypsinized, and treated with propidium iodide,
after which cell cycle distribution was analyzed by flow cytometry; (C) incubated for 24 h, after which cell extracts were prepared and the protein levels of G, regulators
were evaluated by immunoblotting, or p27%"" association with Cdk2 complexes, and Cdk?2 activity, was assessed through immunoprecipitation (IP Cdk2) of Cdk2
followed by immunoblotting for associated p27*%P! protein or in vitro histone H1 kinase assay. Cdk2 activity is indicated as a percentage of that in control (PBS)-treated

cells.
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FIG. 11. Time course of the effects of MAb 4D35 treatment on G, regulators
in MKN7 cells. MKN7 cells were seeded at a density of 3 X 10% cells/cm?. Alter
24 11 of incubation, the medium was changed and MAb FRP5 or MAb 4D35 was
added to a concentration of 10 pg/ml for the times indicated. Cell extracts were
prepared and analyzed by immunoblotting (WB) either directly or after immu-
noprecipitation (IP) with Cdk2-specific antibodies. Untreated cells (t = 0) and
cells treated with MAb FRPS5 for 24 h were included as controls.

mismatch control-treated cells (Fig. 12B). Importantly, cells
treated with oligonucleotide displayed a normal cell cycle pro-
file when cultured for the same time in the absence of 4D5
(data not shown).

Consistent with the presence of a G, block, Cdk2 activity
was also decreased as a result of 4D5 treatment in all cases
(Fig. 13A). Indeed, although Cdk2 inactivation appeared to be
slightly delayed in antisense-treated cells (38%, compared to
18 and 12% in untreated and mismatch-treated cells, respec-
tively, after 24 h incubation with 4DS5), by 36 h almost total
Cdk2 inactivation had occurred (4%, compared to 5 and 2.5%
in untreated and mismatch-treated cells, respectively). Further
analysis of Cdk2 immunoprecipitations for p27*P! association
indicated that after 24 h of treatment with 4D5 (a time when
Cdk2 levels were unaffected), similar levels of p27*°! protein
became associated with Cdk2 in antisense-treated cells com-
pared to controls (Fig. 13B). These data confirm that 4D5
treatment of BT474 cells induces the relocation of p27<'r!
protein onto Cdk2 complexes. Furthermore, this movement is
independent of increased p27%¥®' protein levels and is suffi-
cient to potentiate Cdk2 inactivation and, hence, establish a G,
block. Additionally, no induction of the expression of the CKI
p21CPIWatl gaq observed after lipofection of either the anti-
sense or mismatch control oligonucleotide (data not shown).
This attests to the specificity of this effect, ruling out nonspe-
cific effects of single-stranded DNA on Cdk2 activity.

DISCUSSION

ErbB2 overexpression potentiates cyclin E-Cdk2 activity in
breast tumor cells. Examination of primary tumors overex-
pressing the ErbB2 receptor tyrosine kinase has revealed more
aggressive tumor phenotypes, associated with poor patient
prognosis (24, 59, 70, 71, 84). The extracellular accessibility
and involvement in tumor malignancy suggest ErbB2, there-
fore, as an appropriate target for tumor-directed therapies. For
this reason, elucidating the molecular mechanisms by which
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FIG. 12. Effect of antisense-mediated inhibition of MAb 4D3-induced
p275PL accumulation on the cell cycle of BT474 cells. BT474 cells were seeded
at a density of 3 X 10% cells/em®. After 24 h of incubation, cells were treated with
LipofectAMINE alone (Lipo), p27%"! antisense oligonucleotide (AS), or a mis-
match control oligonucleotide (MM) as outlined in Materials and Methods. Cells
were subsequently refed with normal growth medium; after 3 to 5 h, MAb 4D5
(+ 4D5) was added (10 pg/ml) for 24 or 36 h. After these times, cell extracts were
prepared and p27'! protein levels were examined by immunoblotting (A).
After 36 h, cells were trypsinized and treated with propidium iodide, and cell
cycle distribution was analyzed by flow cytometry (B). Cells treated with Lipo-
fectAMINE alone followed by no addition of MAb 4D5 were included as con-
trols. The LipofectAMINE procedure itsell had no effect on cell cycle distribu-
tion compared to untreated controls, as assessed after 36 h of incubation (not
shown).

ErbB2 overexpression potentiates tumor cell growth is a pri-
ority. In this work, we have shown that MAb 4D5 treatment of
the ErbB2-overexpressing breast tumor cell line BT474 results
in a rapid reduction in ErbB2 receptor phosphorylation. Con-
sistent with the relationship between tyrosine phosphorylation
and receptor activity, a concomitant decrease in the activity of
downstream cytoplasmic signaling pathways was also demon-
strated. These observations imply antibody-mediated interfer-
ence of receptor function in 4D5-treated cells. Consequently,
BT474 cells respond to antibody treatment by growth arrest,
suggesting that they are dependent on elevated ErbB2 receptor
activity for proliferation. More specifically, 4D5 treatment re-
sults in a block of the G,/S transition, characterized by a rapid
increase in p27%iP! levels and inactivation of the cyclin E-Cdk2
complex. )

Increased p27¥®! protein levels, with an associated G, ac-
cumulation, have been previously observed in ErbBl-overex-
pressing human carcinoma cell lines after treatment with the
ErbB1 growth-inhibitory MAD 225 (53, 81, 83), as well as in an
ErbB2-overexpressing ovarian carcinoma cell line treated with
4D5 (83). This relationship could point to a general role for
ErbB receptor overexpression in maintaining cyclin E-Cdk2
activity by directly controlling p27*? protein levels, thus de-
regulating control mechanisms regulating the G,/S transition.
The consequences of such a role for tumor development are
obvious and would explain the more aggressive growth char-
acteristics of tumors overexpressing ErbB2 receptors. How-
ever, through the work presented here, we provide evidence
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FIG. 13. Effect of antisense-mediated inhibition of MAb 4D3-induced
p27%P! accumulation on Cdk?2 activity and p27%P1-Cdk2 complex formation in
BT474 cells. BT474 cells were seeded, treated with either Lipotect AMINE alone
(Lipo), antisense p27%'P! oligonucleotide (AS), or mismatch (MM) control oli-
gonucleotide, and treated with MAb 4D5 (+ 4D5) as outlined in Fig. 12. After
24 and 36 h of incubation, cells were extracted and immunoprecipitated with
Cdk2-specific antibodies followed by in vitro histone H1 kinase assay (A). After
24 h of incubation, the same extracts were analyzed for p27¥iP! protein levels by
immunoblotting (WB) directly or after immunoprecipitation (IP) of Cdk2 com-
plexes. Cells treated with Lipofect AMINE alone followed by no addition of MAb
4D5 were used as controls, and Cdk2 activity is expressed as a percentage of this
control.

disputing this simple interpretation. First, a second ErbB2-
overexpressing cell line (SKBR3), which is also growth inhib-
ited as a result of 4D5 treatment, did not exhibit increased
p27%P! expression. Additionally, a more in-depth analysis of
the effects of 4D5 treatment on p27¥! function in BT474 cells
demonstrated that the most immediate effect (within 2 h) of
4D5 treatment was to increase the availability of p27<®! al-
lowing it to interact with cyclin-Cdk2 complexes. This occurred
prior to increases in p27%'P! protein levels and paralleled Cdk2
inactivation kinetics. A similar shift of p27%"! protein onto
Cdk2 complexes was also observed in SKBR3 cells, correlating
with reduced Cdk2 activity. We postulate, therefore, that ele-
vated ErbB2 receptor signaling in overexpressing tumor cells
potentiates G,/S progression by impeding p27*P! association
with cyclin E-Cdk2 complexes. This hypothesis is supported by
further experiments, using an antisense p27<'! oligonucleo-
tide to prevent 4D5-induced increases in p27**P! protein levels
in BT474 cells. Here, increased p27"*'-Cdk2 complex forma-
tion was still observed after 4D5 treatment, correlating with
Cdk2 inactivation. Additionally, although increased p27¥"!
levels may have contributed to the stability of the G, arrest at
later times, this event was found not to be required to establish
the G, block induced by 4D5 treatment in these cells.

It is known that p27%'P! levels are regulated principally by
degradation (51). Furthermore, (i) phosphorylation of p27X
on threonine 187 by Cdk2 kinase and (ii) stable trimeric com-
plex formation with cyclin-Cdk2 complexes act as signals for
ubiquitination and hence target p27<' to the proteasome
degradation machinery (43, 44, 66). From the results presented
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here, p27¥P! accumulation in BT474 cells appears to be a
secondary effect of 4D5-induced p27%¥'-Cdk2 complex forma-
tion, as the latter was sufficient to almost totally inhibit Cdk2
activity. In the absence of Cdk2 activity, p27%'P! protein would
be inefficiently phosphorylated and stabilized. This supposition
is supported by two observations. First, no p27¥P! induction
was observed in 4D5-treated SKBR3 cells, which exhibited
only partial Cdk2 inactivation as a result of p27*'P' redirection.
Second, using [**S]methionine pulse-chase techniques after
16 h of 4D5 treatment, we have shown a doubling of p27<iP!
protein half-life, with no specific effect on p27%"*! translation
(unpublished data).

With these data in mind, therefore, we propose that the
initial effect of inhibiting ErbB2 receptor function in 4D5-
sensitive breast carcinoma cells is to redirect p27¥®’ onto
Cdk2 complexes resulting in inhibition of G,/S progression.
The extent of Cdk2 inactivation following receptor inhibition
appears to be cell type specific and in some cases is sufficient to
instigate a complete G, block and induce increased p27%F!
protein expression. More specifically, we speculate that in
some tumors ErbB2 overexpression promotes constitutive in-
tracellular signaling leading to sequestration of p27%®! away
from Cdk2 complexes.

ErbB2 overexpression regulates the expression of proteins
involved in p27%"" sequestration. The D-type cyclins and the
transcription factor c-Myc are involved in regulating p27%iP!
sequestration in proliferating cells (8, 34, 73, 77, 85). In this
respect, a reduction in the level of these proteins was observed
in 4D5-treated BT474 and SKBR3 cells, correlating with
p27%PL.Cdk2 complex accumulation. Loss of p275i"! seques-
tration proteins would provide an explanation for 4D5-induced
p27"! relocation onto Cdk2 complexes. However, we ac-
knowledge that alternative mechanisms of regulating p27%<!
availability in tumor cells may also be affected (50). Previous
reports have shown that activation of the MAP (Erk1/2) kinase
pathway leads to stabilization of the c-Myc protein (65) and
increased cyclin D transcription (42). Furthermore, activation
of the PI3-kinase/PKB pathway has been implicated in the
translational induction of ¢-Myc (80) and stabilization of the
D-type cyclins (13, 17). Here, we have shown that 4D5-treated
BT474 cells exhibit a rapid and dramatic reduction in PKB
phosphorylation, with less dramatic effects on Erk1/2, suggest-
ing an effect on the activation state of these kinases. Addition-
ally, effects on both PKB and Erk1/2 phosphorylation have also
been demonstrated in SKBR3 cells (data not shown). Based on
the literature, therefore, these observations could account for
the decreased expression of c-Myc and D-type cyclins in cells
sensitive to 4D5 treatment. Recently, the role of ¢-Myc in the
regulation of cyclin D1 and D2 expression has been demon-
strated (10, 54). Whether in our experiments downregulation
of the D-type cyclins after 4D5 treatment was purely a conse-
quence of reduced c-Myc protein levels is a matter for debate,
particularly as in BT474 cells c-Myc protein levels recovered at
later times (36 to 48 h) of 4D35 treatment, whereas cyclin D2
(and D3) levels did not. Intriguingly, changes in cyclin D1
protein levels did mirror fluctuations in c-Myc protein, sug-
gesting that cyclin D1 expression is downstream of the c-Myc
transcription factor in BT474 cells.

It should also be noted that no effect of 4D5-induced c-Myc
downregulation was seen at the level of expression of cyclin E
or the G, Cdk-regulatory phosphatase Cdc25A (Fig. 6A and
data not shown). Both of these proteins have been postulated
to be downstream transcriptional targets of c-Myc (2, 48). For
Cdc25A, this now seems unlikely (48). Moreover, the exact
relationship between c-Myc and cyclin E expression is not
established. Indeed, the cyclin E promoter has no consensus
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c-Myc binding sites, and in some systems c-Myc has been
shown to increase cyclin E-Cdk2 activity in the absence of
changes in cyclin E expression (61, 74). An additional point to
consider is that cyclin E is constitutively overexpressed in
breast tumor cells (31, 32). It is possible, therefore, that cyclin
E levels were maintained after 4D5 treatment as a result of
tumor-specific deregulation of cyclin E expression.

Differential responses to MAb 4D3 treatment indicate dif-
ferences in growth dependency in ErbB2-overexpressing tu-
mor cells. In vitro screening of ErbB2-overexpressing cell lines
for 4D5-mediated growth inhibition has revealed variability in
the response of tumor cells to antibody treatment (37, 38).
Here, we have also shown that two overexpressing breast tu-
mor cell lines, BT474 and SKBR3, respond to antibody-medi-
ated inhibition of ErbB2 signaling to differing extents. More-
over, effects on cell proliferation appear to correlate with the
extent of Cdk2 inhibition induced by antibody treatment. In
this context, cyclin E-Cdk2 kinase activity is known to be
heavily deregulated in breast tumor cells (31, 32). Indeed,
increased cyclin E expression has been associated with a high
proliferative capacity, highly aggressive tumors, and poor pa-
tient prognosis (45, 46, 58). Furthermore, cyclin E-Cdk2 acti-
vation levels in primary breast tumors correlate with the phos-
phorylation status of pRb and with proliferation rates (40), a
finding which corroborates the observations presented here.
The reason for the differences between the overall responses of
BT474 and SKBR3 cells to 4D5 treatment is not known. How-
ever, we note that SKBR3 cells express approximately fourfold
less p27°iP! protein than BT474 cells, as well as significantly
higher levels of cyclin D2 (sevenfold), cyclin D3 (twofold),
Cdk6 (fourfold), and c-Mye (twofold) proteins (unpublished
data). It is possible, therefore, that cell-ty‘g_e-speciﬁc differ-
ences in the expression of p27%"! and p27¥"™' sequestration
proteins may determine the potency of the growth response to
ErbB2 receptor inhibition. This important question will be
addressed in the future.

An additional consideration is that ErbB2-overexpressing
tumor cells may exhibit graded responses to ErbB2 inhibition
due to different dependencies on elevated ErbB2 receptor
expression for the maintenance of mitogenic signaling path-
ways (discussed below). This possibility is exemplified in
MKNT7 cells, which also overexpress ErbB32 but are not growth
inhibited by 4D5 treatment. Indeed, 4D5 treatment of MKN7
cells had no effect on p27%"! sequestration or p27°'*' protein
levels. Accordingly, major cytoplasmic signaling pathways, as
well as ¢c-Myc and cyclin D protein levels, remained essentially
unchanged. These data indicate that the effects on the cell
cycle machinery observed in 4D5-treated BT474 and SKBR3
cells are indeed related to growth inhibition. Furthermore,
despite the fact that MKN7 cells dramatically overexpress
ErbB2 to levels similar to those observed in BT474 cells (Fig.
2A; sce also references 21 and 37) and also exhibit a general
reduction in receptor phosphorylation as a result of 4D5 treat-
ment, impaired ErbB2 receptor signaling does not seem to
affect the maintenance of p275P! sequestration proteins or
stimulate p27!-Cdk2 complex formation in this case. The
role of ErbB2 overexpression in the potentiation of Cdk2 ac-
tivity in tumors, therefore, is not universal.

ErbB2 receptor overexpression alone does not determine
growth dependency. Consistent with downstream effects on
cytoplasmic signaling pathways, we have demonstrated that
4D5 treatment of BT474 cells results in a rapid and general
reduction in ErbB2 phosphorylation. In contrast to a previous
report examining the effect of 4D5 treatment on ovarian can-
cer cells (83), we observed no gross downregulation of ErbB2
protein levels. It is possible that slight decreases in ErbB2
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expression were not detected by the immunoblotting approach
that we used. With this in mind, therefore, we cannot rule out
the possibility that partial receptor downregulation may have
occurred after prolonged 4D5 treatment, as previously shown
(27, 33). Until now, receptor analyses showing 4D5-induced
reductions in ErbB2 phosphorylation were performed after
long treatment periods, and tryptic phosphopeptide mapping
was not carried out (27, 33). Moreover, it has also been sug-
gested that 4D5 induces ErbB2 phosphorylation in BT474 cells
(63). From detailed time courses of 4D5 freatment of BT474
cells, however, we have detected decreased receptor phosphor-
ylation levels within 10 min of 4D5 addition. Furthermore,
through phosphopeptide mapping, receptor dephosphoryla-
tion was shown to be general, including sites stimulated by
treatment with MAb FRPS5, a known ErbB2 partial agonist (25,
41). The lack of correlation between our observations and
those of Scott and coworkers (63) could be due to differences
in cell culture conditions before 4D5 addition. In our experi-
ments, cells were treated with antibody at low densities (see
Materials and Methods) when a normal cell cycle profile was
evident (Fig. 7A). In contrast, 80 to 100% confluent cells were
used by the above authors, which could have resulted in dif-
ferences in response to antibody treatment.

Taken together, our data show that 4D5-induced inhibition
of ErbB2 receptor signaling in BT474 cells affects downstream
signaling events required for the maintenance of p27%¥! se-
questration proteins and, hence, Cdk2 activity. It is tempting to
propose, therefore, that the general dephosphorylation of
ErbB2 induced by 4D5 treatment is sufficient to inhibit growth
in ErbB2-overexpressing cell lines. However, as 4DS treatment
of the insensitive tumor cell line MKN7 also induced receptor
dephosphorylation in a similar fashion, this event cannot be
considered a marker for cellular response to 4D5 treatment.
Consequently, one has to consider that other cell-type-specific
factors may determine whether tumor cells become dependent
on elevated ErbB2 signaling for proliferation.

It has been suggested that long-term resistance to 4D5 treat-
ment may be due to intracellular expression of the extracellular
domain of ErbB2, which interferes with internalized ErbB2-
4D5 complexes (64). However, from the rapid kinetics of re-
ceptor dephosphorylation observed in both MKN7 and BT474
cells after addition of 4D5, this hypothesis would not explain
the resultant differential effects on nuclear proteins. From the
data presented in this paper, therefore, we speculale on a
number of more plausible explanations for why there are dif-
ferences between cellular responses to 4D5-induced ErbB2
receptor inhibition. First, although ErbB2 is overexpressed in
MEKN7 cells to levels similar to those in BT474 cells, the re-
ceptor is minimally phosphorylated in the former case (Fig.
2A). This implies that ErbB2 is not as active a signaling moiety
in MKNT7 cells as in BT474 cells. Of all ErbB receptor inter-
actions, the ErbB2-ErbB3 heterodimer is considered the pre-
ferred and most potent signaling module (55, 79), coupling
efficiently to the PI3-kinase pathway (20, 60). It is significant,
therefore, that ErbB3 is overexpressed and active in BT474
cells but is undetectable in MKN7 cells. Moreover, the PI3-
kinase pathway, as measured by PKB phosphorylation, is dra-
matically downregulated in BT474 as a result of 4D5 treatment
but remains unaffected in MKN7 cells. Previously, ErbB3 ex-
pression has been shown to enhance ErbB2-mediated trans-
formation and tumorigenic growth of NIH 3T3 cells (1, 78, 88).
Furthermore, ErbB2-ErbB3 coexpression has been observed in
human breast tumors (9, 69), where it has been postulated to
play a critical role in tumor progression (69). ErbB3 may,
therefore, collaborate with ExrbB2, contributing to tumor de-
velopment. The above data, together with the finding that
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4D5-sensitive SKBR3 cells express similar levels of ErbB3 pro-
tein (as well as ErbBl and ErbB2) as BT474 cells (data not
shown) and reports that ErbB2-overexpressing cell lines with
no or low ErbB3 expression are minimally growth inhibited by
4Ds5 treatment (37, 38), make it tempting to postulate that the
strong proliferative signal resulting from an ErbB2-ErbB3 col-
laboration could lead to growth dependency during tumor de-
velopment. _

A second possible explanation for resistance to 4D5 treat-
ment is the presence of alternative signaling pathways with the
capacity to override ErbB2 receptor inhibition. In MKN7 cells
a likely candidate is the ErbB1 receptor, which, in contrast to
the situation in BT474 and SKBR3 cells, is overexpressed (see
Fig. 2A and reference 37) and highly activated in these cells
(Fig. 2A). The observations that ErbB-mediated signaling
pathways overlap (5, 16), that epidermal growth factor rescues
growth inhibition caused by 4DS treatment (reference 83 and
our unpublished data), and that the anti-ErbB1 MAb 225 aug-
ments 4D5-induced growth inhibition (83) provide compelling
evidence for alternative routes by which tumor cells ensure
maintenance of their proliferative capacity. With these two
possibilities in mind, therefore, the involvement of all ErbB
receptor family members in determining cellular responses to
4D5 treatment should be considered.

Implications for tumor development. Alterations targeting
and, therefore, deregulating the G; Cdk/pRb phosphorylation
pathway are commonly found in human cancers. In this re-
spect, numerous correlations between abnormal p27%'P! ex-
pression and advanced tumor grade have been made (for ex-
amples, see references 12, 19, 39, 58, and 82). Enhanced
proteasome-dependent p27¥P! degradation has been postu-
lated to be a major influencing factor in these tumors (19, 39).
Here, we show that ErbB2 overexpression can provide an ad-
ditional level of p27%"! deregulation during tumor develop-
ment; maintaining p27*P! sequestration proteins and, thus,
potentiating cyclin E-Cdk?2 activity. However, we further dem-
onstrate that receptor overexpression levels alone cannot pre-
dict to what extent elevated ErbB2 receptor signaling will con-
tribute to deregulation of the G,/S transition. Bearing this in
mind, we note that even though all patients treated with a
humanized version of 4D5 (Herceptin) presented with meta-
static breast carcinomas overexpressing ErbB2, not all re-
sponded to treatment (3, 15, 52). It is tempting to speculate,
therefore, that the ability of a given tumor cell to elicit p27%!
relocation and, hence, Cdk2 inactivation in response to ErbB2
receptor inhibition may determine the potency of the clinical
response to Herceptin. This ability may depend on the relative
contribution of other growth factor receptors to ErbB2 activa-
tion and to the maintenance of specific intracellular, mitogenic
signaling pathways. In some tumor cells, ErbB1 or ErbB3 ex-
pression is coamplified with ErbB2, leading to the suggestion
that they may collaborate in the induction of human malignan-
cies. The determination of whether such relationships do, in-
deed, exist has an impact not only on elucidating the mecha-
nisms by which ErbB2 overexpression contributes to malignant
transformation but also on therapeutic and screening strategies
used in the clinic.
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Monoclonal antibody drug conjugates in the treatment of cancer

Pamela A Trail* and Albert B Bianchit

Monoclonal antibodies directed to tumor-associated antigens
have been chemically conjugated to drugs with different
mechanisms of action and different levels of potency.
Monoclonal-antibody-directed drug delivery has the potential to
both improve efficacy and reduce systemic toxicity. Several
immunoconjugates have demonstrated impressive antigen-
specific antitumor activity in preclinical models. Phase | trials of
a calicheamicin immunoconjugate for treatment of acute
myeloid leukemia and a doxorubicin immunoconjugate for
treatment of carcinoma have recently been completed.
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Abbreviations

AML acute myeloid leukemia
DOX doxorubicin

MAb monoclonal antibody
MR molar ratio

Introduction

The treatment of cancer is limited by a number of factors
including the low therapeutic index of most chemotherapeutic
agents, the emergence of drug- and radiation-resistant
populations, tumor heterogeneity and the presence of
metastatic disease. One of the means to improve the ther-
apeutic index of drugs is by selective or ‘targeted’ delivery
to tumor sites. Tumor-directed therapy has the potendal to
improve efficacy, by increasing the intratumoral concentra-
tion of the targeted agent, and to minimize toxicity by
reducing systemic exposure. Monoclonal antibodies
(MAbs), MAb fragments, hormones and growth factors
have been used to deliver drugs, toxins, radionuclides,
enzymes, photosensitizers and cytokines to tumors.

Unfortunately, the clinical efficacy of MAb-directed thera-
py is frequently limited by expression of the targeted
antigen on normal as well as malignant cells. With the
exception of MAbs to idiotypic domains of lymphocytes,
truly tumor-specific MAbs have not been identified; rather,
MADs identify tumor-associated antigens expressed at
higher density on malignant cells relative to normal cells. It
is therefore necessary to balance the relative selectivity of
the MAb with the potency of the agent delivered. Studies
in preclinical models with human tumors in immunodefi-
cient mice have demonstrated impressive activity for many
of these conjugates. However, it is important to recognize
that these models, while useful, frequently over-predict

activity and under-predict toxicity because the antigen tar-
geted is tumor-specific in the mouse but tumor-associated
in patients. Nevertheless, several immunoconjugates have
shown impressive activity even though the targeted antigen
is expressed on normal tissues of immunodeficient animals
or normal tssues of immunocompetent animals bearing
syngeneic tumors [1,2,3°].

Significant progress has been made for MAb-directed ther-
apies in the treatment of patients who have [ymphoma
[4,5°°]. In addition, the use of the MAb 17-1A following
tumor resection has resulted in improved survival of
patients with Dukes’ C colorectal cancer [6*] and
improved response rates were scen in breast cancer
patients receiving the anti-HERZ MADb, directed against
the HER2 transmembrane tyrosine-kinase receptor coded
by the HER? gene (also known as zez and as c-erfB-2), in
combination with cisplatin [7]. However, only occasional
responses have been reported for MAbs or immunoconju-
gates used as monotherapy in the treatment of patients
with advanced solid tumors. The physical barriers of solid
tamors — including elevated interstitial pressure, hetero-
gencous and reduced functional vasculature and the
relatively large distances for MAbs to travel in the tumor
interstitium [8*] — contribute to the limited tumor pene-
tration and minimal efficacy seen when MAb-directed
therapies are used as single agents in patients with
advanced disease.

Several modifications have been used to improve the effi-
cacy of immunoconjugate therapy. Immunogenicity has
been reduced by using chimeric [9**] or humanized [5°°]
MAbs. Attempts to decrease the amount of MAb needed
for antitumor activity have included the use of more
potent drugs [3°,10] and alternative strategies such as
branched linkers [11°] and delivery of liposome-encapsu-
lated drugs [12,137,14] to increase the quantity of drug
delivered per antibody molecule. Improved MAb distrib-
ution in solid tumors has been addressed by using
pharmacological approaches to improve penetration [15].
Recent studies have demonstrated that directing therapy
to antigens expressed on the tumor vasculature (a readily
accessible compartment), rather than to tumor-associated
antigens of solid tumors, can produce impressive activity
in preclinical models [16,17°,18°*,19,20]. This review will
concentrate on the results of recent clinical trials of
MAb-drug immunoconjugates and highlight current
strategies to improve the potency, specificity and efficacy
of immunoconjugate therapy.

MAb-directed delivery of enediynes

One means to improve immunoconjugate potency and effi-
cacy is to increase the potency of the targeted drugs.
Members of the enediyne family of antbiocics are among the
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most toxic antitumor compounds described to date. This
novel class of agents includes the calicheamicins, neocarzi-
nostatin, esperamicins, dynemicins, kedarcidin and
maduropeptin [21]. Although these agents are highly potent
in vitro, their utility as antitumor drugs has — for the most
part — been limited by their low therapeutic index.
Antibody-directed delivery provides a potential means to
exploit the impressive potency of these compounds while
minimizing their systemic toxicity. The use of extremely
toxic drugs requires careful MAb selection as even low levels
of expression of the targeted antigen by normal cells may
lead to significant toxicity. Neocarzinostatin [22-24] and sev-
eral of the calicheamicins [3°,5°%,10,25,26] have been used to
produce extremely potent immunoconjugates.

The calicheamicins produce double-stranded breaks in
DNA. Calicheamicin conjugates — in which a hydrazide
of calicheamicin vl; was linked to oxidized sugars on the
internalizing anti-polyepithelial-mucin MAb CT2M-01 —
produced potent antigen-specific activity against subcuta-
neous breast-tumor xenografts in athymic mice [10].

A Phase I study of CMA-676, an immunoconjugate of
calicheamicin ¥!; conjugated to a humanized (human
IgGy) anti-CD33 MAb (hP67.6), has recently been com-
pleted [5**]. The CD33 target antigen is cxpressed on
acute myeloid leukemia (AML) and maturing hematopoi-
etic cells but not on normal stem cells. Forty patients
with refractory or relapsed AML were treated incra-
venously with 0.25-9.0 mg/m?2 of CMA-676. Toxicity was
primarily hematologic; however neither the hematologic
nor nonhemarologic side effects was considered dose-lim-
iting. Fever and chills occurred in 80% of patients and
were the most common nonhematologic side effect.
Leukemic cells were eliminated from the blood and mar-
row of 20% of treated patients. At the 9 mg/m2 dose level,
>75% saturation of CD33 sites was seen on peripheral-
blood blast cells. Clinical responses were seen at dose
levels of 1-9 mg/m2. Responses were seen only in
patients whose peripheral blast cell demonstrated 275%
saturation of CD33 and had low efflux of 3,3-diethylox-
acarbocyanine iodide, an assay that determines functional
efflux mediated through MDR1- and non-MDR1-depen-
dent mechanisms. The efflux dara suggest that
intracellular delivery of the calicheamicin by the hP67.6
MADb did not overcome multidrug resistance. Data from
this Phase I trial in patients with advanced AML are
encouraging and support evaluation of CMA-676 in a set-
ting of newly diagnosed or minimal-residual disease.

Calicheamicin 61}, a more potent analog of calicheamicin
Yl;, was conjugared to an anti-ganglioside-GD, MAb
(14G2a) and showed impressive antitumor activity when
used to treat experimental liver mertastases in syngeneic
immunocompetent mice [3°]. Dose-dependent activiry
was observed against a neuroblastoma line heterogeneous
for antigen expression. The conjugate of 14G2a with
calichaemicin 8! was both more efficacious and less toxic

than unconjugated calicheamicin 61, or mixtures of 14G2a
and calicheamicin 01, indicating effective antibody-direct-
ed rtargeting The use of a syngeneic tumor model
heterogeneous for antigen expression more closely approx-
imates the clinical situation and provides an important
model system for evaluating immunoconjugate efficacy.

MAb-directed delivery of anthracyclines

The anthracycline family of antitumor antibiotics, most
notably doxorubicin (DOX) and daunorubicin, has been
used extensively for drug targeting applications [27]. The
immunoconjugate BR96-DOX [1,28] was evaluated in
Phase I [9°*] and I [29°] clinical trials. BR96—DOX {(which
Is chimeric with human 1gG,) binds a LeY-related, tumor-
associated antigen expressed on most human carcinomas
{30] and on normal cells of the gastrointestinal tract of
humans, dogs and racs [1]. BR96-DOX induced cures of
human lung, breast and colon carcinomas in athymic mice
and rats [1,27,31] and syngeneic colon tumors in immuno-
competent rats [2].

Although cures were seen in multiple preclinical models,
only rumor stabilization and a small number of partial
regressions were seen in a Phase [ trial of patients with
advanced disease. A therapeutically relevant anticonjugate
response was not observed and there were no significant
hemartologic or cardiac toxicities. The dose-limiting toxici-
ty was acute gastrointestinal toxicity with dose-related
nausea, vomiting and gastriris [9*°].

A randomized Phase II trial was performed in patients
with metastatic breast carcinoma [29*]. Patients received
700 mg/m? of BR96-DOX (20 mg/m2 DOX) or 60 mg/m?
of DOX every three weeks. There was one partial
response (in a patient with hepatic metastases) in the
fourteen patients receiving BR96-DOX and one com-
plete and three partial responses in the nine patients
receiving DOX. Interestingly, two of the four patients
who crossed over to the BR96-DOX arm of the trial after
persistent stable disease during DOX treatment achieved
partial regression of hepatic merastases following
BR96-DOX therapy.

Localization of BR96 and IDOX was seen in tumor biopsies
of patients receiving BR96-DOX, indicating that BR96

successfully delivered DOX to tumors [9°°]. These data,

taken togecher with the low clinical response rates, suggest
that the dose that could be safely administered every three
weeks was insufficient to maintain the intratumoral con-
centration of DOX required to achieve regression.
Preclinical studies in antigen-expressing rats indicate that
administering BR96-DOX in combination with cytotoxic
drugs or at a low dose for an extended duration can sub-
stantially reduce both the dose per injection and the
cumulative dose needed to cure established experimental
tumors (PA ‘ITrail, unpublished data). It is likely that
BR96-DOX, like most antibody therapies, will be most
effective in minimal-disease settings.
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Several novel conjugation strategies have been devel-
oped to improve the potency of anthracycline conjugates.
An enzymatic coupling procedure that attaches DOX to
galactose residues of an anti-carcinoembryonic-antigen
MAb demonstrated antigen-specific activity iz vitro and
improved both the potency and efficacy (relative to
unconjugated DOX) against tumors transplanted onto the
chorioallantoic membrane of embryonated chicken eggs
[32]. However, as conjugates were applied to tumor-con-
taining discs on the choriocallantoic membrane, the
relative utility of cthis method awaits demonstration of
distal site activity in a more rigorous antitumor model
that requires MAb-directed delivery.

The potency of immunoconjugates can be improved by
increasing the quantity of drug delivered per MAb mole-
cule. In the case of DOX immunoconjugates, significant
losses in affinity and antigen-specific cytotoxicity were
seen when >10 molecules of DOX were directly conju-
gated per MAb [33]. The use of branched linkers, in
which each linker to the MADb carries two DOX mole-
cules, resulted in an increase in the drug : MAb molar
ratio (MR) from 8:1 to 16:1. This increase in the MR was
accompanied by an increase in antigen-specific potency
in vitro [11°] and a two-fold decrease in the amount of
MAD required to achieve partial regression of subcuta-
neous tumors in preclinical models. The use of
water-soluble polymeric carriers [34] has also been
atcempted to increase conjugate MRs.

Immunoliposomes

The encapsulation of drugs in MAb-targeted liposomes can
be used to selectively increase the concentration of drug
delivered to antigen-cxpressing cells [12,13%,14,35]). The
pharmacokinetics and clearance of liposomes were improved
by incorporating lipid derivatives of polyethylene glycol
(PEG) into liposome formulations [36,37]. These sterically
stabilized liposomes enhance accumulation in tumours [38].
Importantly, immunoliposomes utilizing internalizing
MAbs — such as anti-HER-2 [39] or anti-CID19 [13°] — can
be used to selectively deliver high concentrations of drug
into the cytoplasm of antigen-expressing cells.

Targeting the tumor vasculature

The progressive growth and metastasis of tumors requires
the formation of new blood vessels (angiogenesis) from
the pre-existing vasculature [40]. Immunoconjugates
directed against antigens differentially expressed on
tumor endothelium offer several potential advantages
over targeting tumor-associated antigens expressed on
cells of solid tumors. Directing therapy to the accessible
vascular compartment reduces the impact of the physical
barriers of solid tumors, such as heterogeneous blood flow
and elevated interstitial pressure, which restrict the pen-
etration and distribution of MAbs through the tumor
parenchyma [8°]. Endothelial cells are highly regulated,
genetically stable cells that are less likely to develop the
classical drug resistance observed in tumor cells [40]. In

addition, as angjogenesis is required for tumor progres-
sion, therapies directed against the tumor vasculature
should have broad-spectrum activity. Several recent stud-
ies have demonstrated that targeting the tumor
vasculature with MAbs [16,17°,20], growth factor ligands
[41,42] or peprtides that bind ., integrins [18°*] can pro-
duce impressive antitumor activity. Identification of
appropriate target antigens that are expressed on the
tumor vasculature, but not on cells of normal vessels, is an
area of ongoing interest. Potential antigens for vascular
targeting include VEGFR-2 (vascular endothelial growth
factor receptor 2), endoglin, endosialin, aminopeptidase A
[16,19] and VEGF complexed with its receptor [43].
Screening of phage display libraries identified several
peptides that selectively localized in the rumor vascula-
ture. These peptides were conjugated to DOX and
shown to have impressive antitumor activity that was
associated with damage to the tumor vasculature [18*°].
The in vivo screening of phage peptide libraries is an
interesting approach to identify novel molecules
expressed on angiogenic blood vessels.

Conclusions and future directions

Although immunoconjugates are not currently estab-
lished chemotherapeutic agents, several of them have
demonstrated evidence of biologic activity in patients
with advanced disease [5°%,9°*,29%]. The current objec-
tives are aimed at improving the efficacy and therapeutic
index of immunoconjugates by optimizing selectivity and
potency. The development of MAb therapies directed
against the tumor vasculature is an area of considerable
interest and various research approaches to identify anti-
gens and conjugation strategies with appropriate
selectivity are being pursued.

The promise offered by MAb-based therapies has begun
to be realized with the approval of an anti-CD20 MAb for
treatment of non-Hodgkin’s” lymphoma and an anci-HER2
MAb for treatment of metastatic breast carcinoma. The
calicheamicin conjugate CMA-676 [5**] has shown encour-
aging data in a Phase I trial of patients with refractory
AML. Although immunoconjugates may be active as sin-
gle agents, it is likely that their major role — especially in
treatment of solid tumors — will be in combination-
chemotherapy regimens or minimal-disease settings. In
addition to research efforts directed at improving immuno-
conjugate constructs, clinical studies to define optimal
therapeutic strategies are underway and will further clarify
the role of immunoconjugates as anticancer agents.
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