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30TH ANNIVERSARY: “GENE CONVERSION MUTAGENESIS”

Paul Leny Mike

huMAb4D5-8;
AKA: rhuMAb-HER2
Kd = 0.1nM;
95% human AA sequence 



2023 = 25th Anniversary of 1st FDA Approval of Trastuzumab

Lasker DeBakey Clinical Medical Research Award



HER2 Gene Assessment by FISH HER2 Overexpression 
Detection by IHC 

The Life Cycle of
a Tumor Marker

All truth passes through
3 stages:

• Ridicule/Dismissal
- as if it doesn’t exist

• Opposition
- sometimes violent

• Claim credit
- those most opposed

say they discovered
it first



Press MF et al. HER2 Gene Amplification, HER2 and EGFR mRNA and Protein Expression, 
and Lapatinib Efficacy in Women With Metastatic Breast Cancer. Clinical Cancer Res. 14: 
7861-7870, 2008.  

HER2 Testing Error:



Structure of the extracellular region of HER2 in 
complex with the trastuzumab Fab

Cho HS1, Mason K, Ramyar KX, Stanley AM, Gabelli 
SB, Denney DW Jr, Leahy DJ.
Nature. 2003 Feb 13;421(6924):756-60.
ECD* = Extracellular Domain

Crystal Structure of Trastuzumab Fab Fragment Binding HER2 Extracellular
Domain (left); Trastuzumab Blocks Ligand-independent HER2|HER3
Association (right), Reducing S-phase Fraction (lower right) 

HER2 ECD*
Trastuzumab Fab
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Junttila TT, et al., Cancer Cell. 2009 May 5;15(5):429-40. 

Pegram, et al. Oncogene, 13:2241 (1997). 
Phillips GL, et al., Cancer Immunol Immunother. 1993;37(4):255-63.

http://www.ncbi.nlm.nih.gov/pubmed/?term=Junttila%20TT%5bAuthor%5d&cauthor=true&cauthor_uid=19411071


Calculated values for the Combination Index: 
Fractional inhibition of SK-BR-3 cell proliferation 
by a mixture of alkylating agent and trastuzumab

Combination Index Values at: Parameters:

Drug IC30 IC40 IC50 IC60 IC70 Dm m r
Alkylating Agent 66.2uM 0.81 0.99

rhuMAb HER2 675.0nM 0.15 0.96
Alk + MAb HER2 0.52 0.37 0.41 0.49 0.60 27.1uM 0.59 0.99

Combined effect Synergy Synergy Synergy Synergy Synergy

Pegram, et al., Oncogene 18: 2241-2251,1999.

CI  =  (D)1 +  (D)2 + a(D) 1(D)2
(Dx)1 (Dx)2 (Dx)1(Dx)2

CI = 1, Interaction is SUMMATION
CI < 1, Interaction is SYNERGY
CI > 1, Interaction is ANTAGONISM

T.C. Chou and P. Talalay (1984)
Adv. Enz. Regul. 22, 27-55.

Trastuzumab MOA: Synergistic Combinations with Chemotherapy



Standing ovation @ ASCO 2005





Trastuzumab Intravenous Infusion, FDA prescribing information.

1. BCIRG 006 Study – Adjuvant TCH vs. AC-TH vs. AC-T control in HER2-amplified EBC
2. TRAIN-2 Study – Anthracycline vs. non-anthracycline chemotherapy + HP

TRAIN-2 Neoadjuvant Study: N = 438
Anthracyclines derailed!

• “No hint of advantage of anthracyclines, 
even in high risk subgroups (cN2/3; EFS 
HR=0.75 with trend favoring non-
anthracycline Rx)”. 

• LVEF did not recover to normal in ~1/3 of 
anthracycline-treated patients.

1. 2.



Pietras RJ, Arboleda J, Reese DM, Wongvipat N, Pegram MD,
Ramos L, Gorman CM, Parker MG, Sliwkowski MX, Slamon DJ. 
Oncogene. 1995 Jun 15;10(12):2435-46.
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PERTAIN – AI + tras
+ pertuzumab



Progression-Free Survival (primary endpoint)



Pertuzumab Binds Subdomain II and Disrupts Ligand-Dependent HER2:HER3 Interaction;
Trastuzumab + Pertuzumab Induces Apoptosis

Hao Y, et al., PLoS One. 2019;14(5):e0216095.

Junttila TT, et al., Cancer Cell. 2009 May 5;15(5):429-40. 

Rita Nahta, et al. Cancer Res 2004;64:2343-2346. Gianni L, et al., Lancet Oncol. 2012 Jan;13(1):25-32.

Adapted from Pinkas-Kramarski et al. EMBO J. 
1996;15:2452, and Tzahar et al. Mol Cell Biol. 
1996;16:5276-5287.



Piccart M, et al. 2019 San Antonio Breast Cancer
Symposium; December 10-14, 2019; San Antonio, TX. 
Abstract GS1-04.

← Interaction p-value for steroid
receptor expression =  0.543 (N.S.)

APHINITY: Phase III Adjuvant Study



• Most common adverse reactions (> 30%) with pertuzumab + trastuzumab and docetaxel = diarrhea, myelosuppression, alopecia, 
neutropenia, nausea, fatigue, rash, and peripheral neuropathy.

: End of Study Results

CLEOPATRA – OVERALL SURVIVAL

• Median F/U ≥ 99 months
• 16.3 month ↑ in median OS
• From 40.8 to 57.1 months!         Cross-over, placebo to pertuzumab N = 50

HR 0·69,

Swain SM et al. Lancet Oncol 2020; 21: 519–30.
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rHUPH20

New formulation:
T + P + recombinant
hyaluronidase SQ 



Cleopatra [a true trialist] Testing Poisons on Condemned 
Prisoners (?propaganda), by Alexandre Cabanel (1887)

Death of Cleopatra (and her servants Eiras and Charmion,
who also took their own lives – by asp venom injection),

by Jean-Baptiste Regnault (1796–1797)

The death of Cleopatra VII (by suicide, age 39):
the last ruler of Ptolemaic Egypt -- 10 August 30 BCE

In violation of Title 45 CFR 46, subpart C:
“Additional Protections Pertaining to Biomedical and 
Behavioral Research Involving Prisoners as Subjects”

Killing CLEOPATRA

1. NRG BR-004: THP +/- Atezolizumab for 1st line HER2+ MBC

2. PATINA: palbociclib in 1L HR+/HER2+ mBC as maintenance 
treatment (after completion of taxane in CLEOPATRA-like 
regimens in 1st line)

3. EPIK-B2: Study of Alpelisib (BYL719) in Combination With 
Trastuzumab and Pertuzumab as Maintenance Therapy in 
Patients With HER2-positive Advanced Breast Cancer With a 
PIK3CA Mutation

4. DESTINY Breast09: Trastuzumab Deruxtecan (T-DXd) +/-
Pertuzumab, versus THP in HER2+ MBC

KILLING CLEOPATRA



Preclinical Efficacy of Paclitaxel-conjugated Trastuzumab

Gilbert CW, McGowan, EB, Seery GB, Black KS, Pegram, MD. J Exp Ther Oncol. 2003 Jan-Feb; 3(10):27-25.

Vehicle Control +
isotype control MAb

Free paclitaxel +
Free trastuzumab

Paclitaxel-conjugated
trastuzumab

Hydrolysis

Human HER2+ breast carcinoma
xenografts, athymic mice, H&E stain



Phase III EMILIA: T-DM1 in HER2+ MBC
In EMILIA, T-DM1 was superior to lapatinib + capecitabine in HER2+ mBC1,2

• In 991 randomized patients, median PFS was 9.6 months with T-DM1 vs 6.4 months with lapatinib + 
capecitabine (HR 0.65; 95% CI, 0.55 to 0.77; P<0.001), and median OS was 30.9 months vs. 25.1 months 
(HR, 0.68; 95% CI, 0.55 to 0.85; P<0.001)

HER, human epidermal growth factor receptor; HR, hazard ratio; mBC, metastatic breast cancer; PFS, progression-free survival; OS, overall survival.
1. Verma S, et al. N Engl J Med. 2012;367:1783-1791. 2. Diéras V, et al. Lancet Oncol. 2017 Jun;18(6):732-742.

The most common adverse drug reactions (frequency > 25%) with T-DM1 (n=884 treated patients) were fatigue, 
nausea, musculoskeletal pain, thrombocytopenia, headache, increased transaminases, and constipation.

Lewis Phillips G D et al. Cancer Res 2008;68:9280-9290
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3-year IDFS 77.0% 88.3%

Trastuzumab T-DM1
(n=743) (n=743)

IDFS Events, no. (%) 165 (22.2) 91 (12.2)

P<0.0001
Unstratified HR=0.50 (95% CI, 0.39–0.64)

All

Operable
Inoperable

HR-neg
HR-pos

Trastuzumab
Tras + other

Node-pos
Node-neg

Age <40
40 -64
≥65

White
Asian
Native American
Black

Von Minckwitz G, et al. N Engl J Med. 2019; 380:617-628.

Groups well balanced for age (median 49), race, world region (54% western Europe), operable 
BC (75%), ER+ (72%), prior pertuzumab (18%), LN+ (46%), residual primary tumor stage 
(~50% ypT1-2), and residual LN (ypLN0 ~45%). 71.4% of T-DM1-treated patients completed 
all 14 cycles (vs 81% trastuzumab arm); 85.7% in T-DM1 arm had no dose reduction.

KATHERINE non-pCR Trial: T-DM1 vs. Trastuzumab, Invasive Disease-Free Survival 
(Stratification factors: operability, hormone receptor status, ypN status, trastuzumab vs. tras + other) 

Primary T stage at definitive surgery
ypT0, ypT1a., ypT1b, ypT1mic, ypTis
iDFS HR = 0.66 (95% CI 0.44 – 1.0)



DESTINY-Breast03: TDX-d versus T-DM1 in HER2+ MBC (previously treated with a taxane and trastuzumab)

“Updated results demonstrate remarkable
OS and PFS benefit with T-DXd, further
supporting the use of T-DXd as the second-
line standard of care in patients with HER2+
mBC.”



Fam-Trastuzumab Deruxtecan-nxki vs Physician’s Choice in Patients With 
HER2+ Unresectable and/or Metastatic Breast Cancer Previously Treated 
With Ado-Trastuzumab Emtansine: Primary Results of the Randomized 
Phase 3 Study DESTINY-Breast02



FDA Clinical Review December 5, 2001 Oncologic Drugs 
Advisory Committee Meeting.

Eligibility criteria for original
phase 1/2/3 trastuzumab clinical
trials included HER2 IHC = 2+



DESTINY-Breast04: First Randomized Phase III of T-DXd for HER2-low
Metastatic Breast Cancer 

The most common adverse reactions (≥20%): N/V, cytopenias, fatigue, transaminase elevation, alopecia, 
increased alkaline phosphatase, constipation, musculoskeletal pain, anorexia, hypokalemia, diarrhea, and 
respiratory infection. 

Tarantino P, et al. J Clin Oncol 38(17): 1951-62 (2020). 



I don’t always use ADCs to treat HER2-low, but when I do I prefer….

Fam-Trastuzumab
Deruxtecan-nxki

If there is an elephant in the room…
it’s because he brought one.

TDx-d

The most interesting man in the world

DESTINY-Breast04:
PFS Subgroup Analysis 
Harbeck N, et al. SABCS 
2022. Poster P1-11-01.



David Rimm, Yale University. SABCS 2022. 

HER2 expression on histologic preparations using Automated Quantitative Analysis (AQUATM)
Coupled with a mass spectrometry standardized HER2 array

Attomole = A unit of amount of substance equal to one 
quintillionth of a mole (10E-18 mole). ( NCI Thesaurus)



T-DXd + durvalumab as 1st line treatment for HR-/HER2-low MBC: updated BEGONIA data

Peter Schmid, SABCS ‘22, PD11-08.



CD16A Genotype by Treatment Group

Locations of Fc mutations (red, 
blue) identified by yeast surface 
display identify the variant 
F243L/R292P/Y300L/V305I/P396L

Margetuximab: Increased affinity for 
activating Fcγ RIIIA (CD16A) and decreased 
affinity for inhibitory Fcγ RIIB (CD32B)

SOPHIA:
HER2+ advanced BC with ≥ 2 

previous anti-HER2 therapies;
prior brain metastasis allowed 

if treated/stable
(N = 536)

Margetuximab
+

Chemotherapy

Trastuzumab
+ 

Chemotherapy

*Investigators choice of CT:
capecitabine, eribulin, gemcitabine, or vinorelbine.

Sequential primary endpoint: PFS, OS
Secondary endpoints: ORR by central

blinded analysis, investigator-assessed PFS
Tertiary and exploratory endpoints:

investigator-assessed CBR, DoR, safety,
effect of CD16A, CD32A, and CD32B

alleles on margetuximab efficacy

Stavenhagen. Cancer Res. 2007;67:8882. 

Musolino A, Gradishar WJ, Rugo HS, Nordstrom JL, Rock EP,
Arnaldez F, Pegram MD.J Immunother Cancer.
2022 Jan;10(1):e003171.

Rugo HS, et al. J Clin Oncol. 2023 Jan 10;41(2):198-205. 

Fc-Engineered HER2-Targeted Chimeric Monoclonal 
Antibody Margetuximab

FcγRIIIB

IgG1 Fc Co-crystal
structure 

Prespecified Exploratory OS Analysis

Safety: ↑ in IRR, 14.4% vs 3.8%

CD16A-158FF
homozygotes 

CD16A-158VV
homozygotes 



Endolysosomal regulators modulate ADC action

Future Directions in HER2-targeted Therapy at Stanford…

Tsui CL, et al. Nature
Chem Biol 2019 Oct;
15(10):949-958.

Tumor cell-targeted STING-agonist 
antibody-drug conjugates achieve potent 
anti-tumor activity. Cetinbas, et al. 
Proceedings AACR 2022, abstr 4873. 



ep·i·logue
/ˈepəˌlôɡ,ˈepəˌläɡ/
noun: epilogue; plural noun: epilogues; noun: epilog; plural noun: epilogs
-- a section or speech at the end of a book or play that serves as a comment
on or a conclusion to what has happened.
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