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I-SPY2 is an adaptively randomized phase 2 clinical trial evaluating novel agents in combination with standard-of-care paclitaxel
followed by doxorubicin and cyclophosphamide in the neoadjuvant treatment of breast cancer. Ganitumab is a monoclonal
antibody designed to bind and inhibit function of the type I insulin-like growth factor receptor (IGF-1R). Ganitumab was tested in
combination with metformin and paclitaxel (PGM) followed by AC compared to standard-of-care alone. While pathologic complete
response (pCR) rates were numerically higher in the PGM treatment arm for hormone receptor-negative, HER2-negative breast
cancer (32% versus 21%), this small increase did not meet I-SPY’s prespecified threshold for graduation. PGM was associated with
increased hyperglycemia and elevated hemoglobin A1c (HbA1c), despite the use of metformin in combination with ganitumab. We
evaluated several putative predictive biomarkers of ganitumab response (e.g., IGF-1 ligand score, IGF-1R signature, IGFBP5
expression, baseline HbA1c). None were specific predictors of response to PGM, although several signatures were associated with
pCR in both arms. Any further development of anti-IGF-1R therapy will require better control of anti-IGF-1R drug-induced
hyperglycemia and the development of more predictive biomarkers.
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INTRODUCTION
The type I insulin-like growth factor receptor (IGF-1R) has been
implicated in breast cancer growth, proliferation, and survival1.
There are a number of approaches to disrupt IGF signaling,
including receptor directed monoclonal antibodies (moAbs),
tyrosine kinase inhibitors, and ligand neutralizing antibodies2. In
breast cancer, clinical testing of these strategies has primarily
focused on hormone receptor (HR)-positive cancers refractory to
first-line endocrine agents. No studies to date have demonstrated

a clinical benefit to adding an anti-IGF-1R inhibitor compared to
endocrine therapy alone. A number of factors may contribute to
the failure of this strategy, including lack of IGF-1R expression in
endocrine-resistant breast cancer and induction of hyperglycemia
and hyperinsulinemia caused by IGF-1R mAbs2–4. There is also
evidence that the highly related insulin receptor may be a
resistance pathway for anti-IGF-1R therapies, as it is expressed in
many cancers5. Thus, inhibiting IGF-1R while controlling hyper-
insulinemia may be an effective cancer therapy.
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In breast cancer, the inhibition of IGF-1R in treatment naïve
breast cancer alone or in combination with cytotoxic chemother-
apy has not previously been evaluated. Previous preclinical work
using IGF-1R mAbs argued that the inhibition of IGF-mediated
survival pathways could enhance cytotoxic cell death6.
The monoclonal antibody ganitumab (AMG479) was developed

to bind IGF-1R and has been tested in multiple settings. As a single
agent, the phase 1 study of ganitumab demonstrated little toxicity
and no MTD was reached7. In this study, the levels of serum ligand
(IGF-1) were increased on drug exposure due to the disruption of
the negative feedback pathway between growth hormone and
IGF-1. Hyperglycemia was seen at the highest dose levels and
patients without a diagnosis of diabetes occasionally required the
institution of insulin or an oral hypoglycemic agent. In patients
with known diabetes, ganitumab worsened glucose control. For
the entire population, increases in hemoglobin A1C (HbA1c) were
noted. Using a different IGF-1R mAb, figitumumab (CP-751,871)
insulin levels during a phase 1 study showed consistent elevation8.
These findings are explained by insulin resistance induced by
elevated growth hormone levels and subsequent release of free-
fatty acids from the liver7.
In this report, we evaluate a treatment regimen of paclitaxel,

ganitumab, and metformin (PGM) compared to paclitaxel alone in
HER2-negative operable breast cancer in the I-SPY2 trial. I-SPY2 is a
neoadjuvant, adaptively randomized, multi-centre phase 2 platform
trial evaluating investigational therapies in combination with
standard-of-care chemotherapy for breast cancer at high risk of
recurrence9–11. Pathologic complete response (pCR) is the primary
endpoint. Metformin was added to the regimen since ganitumab-
induced hyperglycemia was a known side effect of this therapy.
Further, metformin alone has been reported to increase the pCR rate
in the neoadjuvant therapy of breast cancer12. We also aimed to test
the hypothesis that pre-treatment IGF-1R axis signaling at the
expression level associates with response to IGF-1R inhibition, by
examining eleven putative IGF-1R signaling axis biomarkers.

RESULTS
Patient population
Between July 2012 and February 2015, 106 patients with HER2-
negative tumors received paclitaxel/ganitumab/metformin (PGM)
while 128 contemporary control patients (derived from the start of
the trial in March 2010 through deactivation of the PGM arm in

February 2015) received paclitaxel alone (Fig. 1). In the PGM arm,
14 patients did not receive assigned therapy and in the standard
of care control arm, 9 patients did not receive allocated therapy
and are not included in the analysis. Patients with HER2-positive
tumors were not included in the PGM arm due to the lack of safety
data for ganitumab in combination with trastuzumab. All patients
received AC after completing the regimen. Baseline characteristics
were similar between both arms, although there were slightly
more participants with MammaPrint Hi2 status (56% versus 45%)
in the experimental arm (Table 1).

Efficacy
The estimated pCR rate was similar for the 106 HER2-negative
patients enrolled on the PGM arm compared to those on the
paclitaxel control arm (Table 2, Supplementary Fig. 1). In the HR-
negative/HER2-negative subtype, pCR rates were higher in the
PGM arm compared to control and had a 91% probability of being

Fig. 1 CONSORT diagram for paclitaxel, ganitumab, metformin arm in I-SPY2.

Table 1. Baseline characteristics of participants in each arm.

Characteristic Ganitumab (n= 106) Control (n= 128)

Median age (range), yr 48 (23–70) 47.5 (24–77)

Ethnicity, n (%)

White 86 (81%) 101 (79%)

African American 12 (11%) 18 (14%)

Asian 8 (8%) 7 (5%)

Other/Mixed 0 (0%) 2 (2%)

HR Status, n (%)

Positive 58 (55%) 66 (52%)

Negative 48 (45%) 62 (48%)

Mammaprint Status, n (%)

MP.Hi1 47 (44%) 70 (55%)

MP.Hi2 59 (56%) 58 (45%)

Median Tumor Size by MRI
(range), cm

3.6 (0.8–14.7) 3.9 (1.2–15)

Baseline node status, n (%)

Palpable 26 (25%) 60 (47%)

Non-palpable 67 (63%) 59 (46%)

N/A 13 (12%) 9 (7%)

D. Yee et al.

2

npj Breast Cancer (2021)   131 Published in partnership with the Breast Cancer Research Foundation

1
2
3
4
5
6
7
8
9
0
()
:,;



superior to control, though the arm did not meet I-SPY2’s
prespecified threshold for graduation (≥85 probability of success
in a hypothetical phase 3 controlled trial) in any of the subtypes
(Table 2). For HR-positive/HER2-negative patients, the addition of
ganitumab and metformin to paclitaxel showed no benefit over
control. There was no evidence of improvement in event-free
survival for the PGM arm at median follow-up of 4.1 years
(Supplementary Fig. 2).

Safety and toxicity
Ten (9.4%) patients in the PGM arm and 11 (8.9%) patients
receiving control therapy had dose reductions (Table 3). Patients
assigned to PGM had a 30.2% rate of early discontinuation, mostly
due to toxicity. In contrast, 24.2% of standard of care patients
discontinued therapy, 7.0% discontinuing because of toxicity.
Adverse events experienced in the PGM arm differed from

standard of care therapy in several areas. Participants in the PGM
arm showed increased grade 3/4 nausea (1.9% vs. 0%) and
vomiting (6.6% vs. 0%), both of which are known metformin
toxicities (Table 3). Infections were higher (9.4% versus 3.9%) in
the experimental arm, as were reports of grade 3/4 neutropenia
(18.9% versus 10.2%) in the experimental arm.
Despite the addition of metformin, hyperglycemia was common

in patients receiving ganitumab. Hyperglycemia (all grades) was
observed in 19.8% of PGM treated patients compared to 2.4% of
control patients. Grade 3/4 hyperglycemia was seen in 8.5% of
patients receiving PGM compared to 0.8% in the control arm.
To further evaluate glucose control, HbA1c was measured before,

during and after therapy. Of the 106 patients assigned to the PGM
arm, 105 had at least one measurement of HbA1c and 80 of these
patients had more than one measurement during the trial.
The median baseline value of HbA1c was 5.4% (n= 104); 27%

(n= 28) had baseline values greater than 5.7, the upper limit of
normal as defined by the National Institute of Diabetes and
Digestive and Kidney Diseases. Further, 4 patients had HbA1c
greater than 6.5% and met this criterion for diabetes. Thus, a
significant number of patients had abnormalities in HbA1c
consistent with insulin resistance at baseline. No patients were
taking any anti-diabetic therapies at the time of entry to the study.
To evaluate the effect of ganitumab/metformin on baseline

HbA1c, we studied the 72 patients who had baseline HbA1c
measurements and at least one additional measurement while on
PGM therapy measured on average at 56 days (sd 16 days) after
starting PGM. Figure 2a shows the changes in HbA1c at baseline and
subsequent levels measured while on PGM therapy for all patients
with more than one measurement; this overall population is then
sub-divided into those with normal baseline levels (<5.7%) (Fig. 2b)
and elevated levels at baseline (≥5.7%) (Fig. 2c). For patients with

normal levels at baseline, 14 of 52 (27%) had a subsequent elevation
of HbA1c above 5.7% while on therapy (Fig. 2b). HbA1c levels while
on PGM were consistent, independent of the duration of PGM
therapy. For those patients whose baseline HbA1c was already
elevated, all 20 patients maintained elevated levels (Fig. 2c). These
data are consistent with previous observations regarding the effect
of ganitumab on exacerbating insulin resistance in both patients
with normal and elevated baseline HbA1c. Further, for most patients,
metformin administration did not seem to control glucose levels
and this was particularly notable in the patients who had baseline
elevation in HbA1c.

Assessment of biomarkers predictive of pCR
Expression levels of eleven putative IGF-1R signaling axis
biomarkers are shown in the heatmap in Fig. 3a. The IGF-1 ligand
signature13 strongly correlates with IGF-1 and IGF-2 expression, as
well as IGFBP4, while the IGF-1R signature14 shows a strong
inverse correlation (Pearson r=−0.79) (Fig. 3a, b). In the

Table 2. Final predictive probabilities of success of ganitumab and
metformin with paclitaxel followed by anthracyclines in HER2−
biomarker signatures. The combination failed to graduate in any of the
three signatures.

Biomarker
signature

Estimated rate of
pathologic complete
response % (95%
Probability Interval)

Prob.
superior to
control, %

Predictive
prob. of
success in
phase III
Trial, %

Ganitumab
n= 106

Control
n= 128

All HER2− 22 (13–31) 16 (10–23) 89 33

HR+/HER2
−

14 (4–24) 12 (4–19) 61 21

HR−/HER2
−

32 (17–46) 21 (11–32) 91 51

Table 3. Grade 3–4 adverse events experienced by greater than 1% of
participants in either the ganitumab + metformin or control arm.

Adverse event Ganitumab
n= 106

Control
N= 128

Neutrophil count decreased 20 (18.9%) 13 (10.2%)

Febrile neutropenia 14 (13.2%) 9 (7.0%)

Hyperglycemia 9 (8.5%) 1 (0.8%)

Anemia 8 (7.5%) 8 (6.3%)

Vomiting 7 (6.6%) 0 (0.0%)

Hypertension 4 (3.8%) 4 (3.1%)

Alanine aminotransferase
increased

4 (3.8%) 3 (2.3%)

Diarrhea 4 (3.8%) 3 (2.3%)

Bone pain 3 (2.8%) 3 (2.3%)

Lymphocyte count decreased 3 (2.8%) 3 (2.3%)

Syncope 3 (2.8%) 2 (1.6%)

Urinary tract infection 3 (2.8%) 0 (0.0%)

Stomatitis 2 (1.9%) 3 (2.3%)

Neutropenia 2 (1.9%) 2 (1.6%)

Back pain 2 (1.9%) 1 (0.8%)

Dehydration 2 (1.9%) 1 (0.8%)

Pneumonitis 2 (1.9%) 1 (0.8%)

Sepsis 2 (1.9%) 1 (0.8%)

Anaphylactic reaction 2 (1.9%) 0 (0.0%)

Dyspnea 2 (1.9%) 0 (0.0%)

Nausea 2 (1.9%) 0 (0.0%)

Pulmonary embolism 2 (1.9%) 0 (0.0%)

Hypokalemia 1 (0.9%) 4 (3.1%)

Hyponatremia 1 (0.9%) 2 (1.6%)

Premature menopause 1 (0.9%) 2 (1.6%)

Peripheral sensory neuropathy 0 (0.0%) 2 (1.6%)

Dose reductions, n (%) 10 (9.4%) 11 (8.9%)

Early discontinuation, n (%)

All reasons 32 (30.2%) 31 (24.2%)

Toxicity 29 (18.9%) 9 (7.0%)

Progression 8 (7.5%) 10 (7.8%)

Other 4 (3.8%) 12 (9.4%)

Median time to surgery, days
(range)

168 (64–313) 165 (100–289)
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population as a whole, lower levels of IRS1 and
IGFBP5 significantly associated with better response to PGM (LR
p < 0.05), as did lower levels of the signature IGF-1 ligand score
and higher levels of the IGF-1R signature (Fig. 3c; Supplementary
Table 1). However, levels of IRS1 and the two expression
signatures also trend toward or are significantly associated with
response in the control arm, and treatment interactions for all four

biomarkers are non-significant (LR p > 0.05). Therefore, these
signatures do not qualify as specific predictors of response to PGM
per our definition. High MammaPrint scores (MP2) were also
associated with higher pCR rates in both PGM and Control arms
(Fig. 3d).
As the Creighton IGF-1R signature was previously evaluated in

tertiles (low, intermediate, high)14, we also assessed this signature

Fig. 2 Changes in HbA1c at baseline and subsequent levels measured while on PGM therapy for patients with more than one
measurement. (a) all patients (n= 72); (b) those with normal baseline HbA1c (n= 52); (c) elevated baseline HbA1c (n= 20).

Fig. 3 Candidate expression biomarkers in the IGF-1R pathway. a Heatmap of biomarkers evaluated. Patients are along columns and
biomarkers are along the rows. Red indicates higher expression and blue lower. Annotation tracks reflects response (purple: pCR), HR status
(black: HR+), MP 1/2 class (gray: MP2), and arm (dark blue: ganitumab). b Scatter plot showing IGF-1-ligand score vs IGFR Signature,
(c) boxplots showing IGFR Signature levels in pCR vs. non-pCR patients in each arm (center line is group median; upper and lower limits of the
box correspond to the 1st and 3rd quartile with whiskers extending to 1.5 times the interquartile range from top/bottom of the box); d–e pCR
rate in (d) the MP1 vs. MP2 class and (e) IGFR-Signature groups by arm.
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as a categorical variable. Similar to the continuous case, IGF-1Rsig-
class associates with pCR in both the PGM and control arms (Fisher
test two-sided p= 0.033 and 0.044, respectively; Fig. 3e).
In receptor subset analysis, low levels of IGFBP5 and IGF2

trended toward association in the HR-negative/HER2-negative
subset but did not reach significance (LR 0.05 < p < 1). There were
no significant associations in the HR-positive/HER2-negative
subset.
Finally, pCR rates are similar between patients with baseline

HgbA1c ≤ 5.7% (21%) vs. >5.7% (25%) (Fisher test two-sided p=
0.79) in the PGM arm.

DISCUSSION
A wealth of evidence suggests an important role for IGF-1R
signaling in many cancers. Lung, colon, prostate, glioblastoma,
melanoma and breast, are known to exhibit increased expression
of IGF-IR or its ligands, including evidence of signaling in primary
breast cancer specimens15,16. A number of therapeutic agents,
such as small molecules and monoclonal antibodies have been
developed that target this complex pathway17. Initial phase 1
monotherapy trials targeting IGF-1R reported exceptional
responses and prolonged disease control, but subsequent
randomized phase 2 or phase 3 trials proved disappointing17.
Although multiple clinical trials have evaluated IGF-1R inhibitors

in endocrine-resistant metastatic breast cancer, there is consider-
ably less experience with agents targeting this pathway in
operable breast cancer. Here, we combined ganitumab with
conventional chemotherapy in the setting of neoadjuvant
treatment of locally advanced, stage II/III breast cancer.
In the I-SPY2 trial, the combination of ganitumab, metformin and

paclitaxel failed to graduate. Although the combination resulted in a
modest increase in the pCR rate in triple-negative breast cancers, it
did not meet the predefined thresholds for subsequent develop-
ment. Molecular profiling studies have shown that TNBC is not a
single entity. Lehman et al. identified four distinct subtypes with
distinct biological differences18. While our study did not include
enough TNBC patients to evaluate responses by molecularly defined
subtypes, perhaps a subset of TNBC is sensitive to IGF-1R inhibition
but this could not be distinguished in our trial.
While it has been suggested that serum IGF ligand levels may

predict outcome to IGF-1R inhibitors19, no tumor-derived biomar-
kers have yet to be shown to predict benefit from this class of
drugs. In this study, we examined the expression of several genes
involved in the IGF signaling pathway for their association with
response. Although sample sizes are relatively small, we observed
no indication that pre-treatment expression levels of IGF-1R axis
genes and signatures are specifically predictive of response to IGF-
1R-targeted agents; this was also true in the triple-negative (HR-
negative, HER2-negative) subset, in which there appeared to be a
small treatment effect, with the pCR rate in PGM higher than that
of controls (33% vs 21%). The inverse correlation between the IGF-
ligand signature and IGF-1R activation signature has previously
been noted19. While this may seem counterintuitive, the IGF-1
ligand signature was derived from tissues expressing high levels of
the ligand along with other associated genes such as the IGF
binding proteins. The IGF ligand system is complex and levels of
“available” ligand are regulated by IGF binding proteins, these
binding proteins prevent ligand receptor interactions. It has been
argued that the IGF-I ligand signature represents more differ-
entiated tumors and these tumors may not be driven by IGF-1R
signaling as reflected in the IGF-1R activation signature. These
results suggest either that pre-treatment expression levels/
signatures cannot adequately capture IGF-1R signaling dynamics,
or that PGM was unable to suppress signaling of this pathway as
suggested by the HbA1c data, or that PGM functions in an off-
target manner.

As it is well known that IGF-1R-blocking agents can cause
insulin resistance, hyperinsulinemia and hyperglycemia as a class
effect20, metformin was administered concomitantly with ganitu-
mab and paclitaxel. Metformin was selected due to its safety
record and long use in patients with type 2 diabetes21. Further,
metformin by itself has been associated with improved pCR rates
in diabetic patients receiving neoadjuvant therapy12. In I-SPY2,
HbA1c levels demonstrated that blood glucose levels were not
uniformly controlled with metformin, as 29% of the patients on
the PGM arm exceeded the clinical threshold for hyperglycemia of
HbA1c >5.7%. Further, 30% of patients with normal HbA1c at
study entry subsequently had elevated levels after receiving PGM.
While the exact cause of these changes in glucose regulation
could be multifactorial since patients were also receiving
dexamethasone during paclitaxel treatment, the results are
consistent with the known effects of IGF-1R mAbs2. Further,
dietary strategies (ketogenic diet) or drugs (SGLT2 inhibitors might
be more effective in controlling hyperglycemia as has been
suggested in studies of PI3K inhibitors22,23.
Induction of hyperglycemia results in elevated levels of insulin.

While we did not measure serum levels of insulin in this trial, all of
the prior trials that measured insulin levels showed that IGF-1R
inhibitors increased insulin8. Insulin receptor is a known signaling
pathway in breast cancer and it has been suggested that insulin
receptor activation results in a kinome signature distinct from IGF-
1R and also associated with poor outcome24. In a previous trial
testing the IGF-1R antibody figitumumab in combination with
endocrine therapy for front line treatment of metastatic disease,
patients with normal glucose control as defined by HbA1c less
than 5.7% had a trend toward benefit with the addition of
figitumumab25.
Since inhibition of IGF-1R signaling enhances apoptotic

responses to cytotoxic chemotherapy6, IGF-1R antibodies have
been tested in combination with other chemotherapies. The first
such report was in advanced non-small cell lung cancer with
cytotoxic chemotherapy in combination with figitumumab. While
the first report of a randomized phase 2 study was reportedly
positive, these data were eventually withdrawn due to irregula-
rities in response reporting26. The amended response rates still
demonstrated a small benefit for figitumumab, but the primary
endpoint of improvement in the overall response rate was not
met. Ganitumab has been tested with gemcitabine in the therapy
of metastatic pancreatic cancer. A randomized phase II study
suggested that higher levels of circulating IGF ligands correlated
with ganitumab benefit19. However, a larger phase III trial were
unable to show additional benefit beyond gemcitabine by the
addition of ganitumab. Further, the original promising biomarker
data could not be reproduced in this trial. Thus, these data show
that the promising preclinical data could not be reproduced in
clinical trials and it seems likely that the disruption of glucose
homeostasis by this class of drugs could be a reason for this
failure4.
In summary, ganitumab and metformin did not graduate from

I-SPY2 despite a small increase in pCR rates in TN breast cancer. If
IGF-1R inhibition has a role in combination with chemotherapy,
then additional biomarkers are needed, likely including early-
treatment biomarker response, to identify IGF-1R driven tumors.
Further, drugs that do not increase hyperglycemia or hyperinsu-
linemia need to be developed to comprehensively target the
ligands and receptors in this complex system.

METHODS
Study design
I-SPY2 is an ongoing, open-label, adaptive, randomized phase II multi-
center trial of NAT for early-stage breast cancer at high risk of recurrence
(clinicaltrials.gov/NCT01042379). It is a platform trial evaluating multiple
investigational arms in parallel, each consisting of standard neoadjuvant
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therapy plus with an investigational agent compared to a shared standard
of care control arm. The primary endpoint is pathological complete
response (pCR) after completion of all chemotherapy, defined as the
absence of invasive tumor in breast and regional nodes (ypT0/is and ypN0).
In the event a participant switches to a non-protocol assigned therapy,
forgoes surgery, or withdraws from the trial, they are considered “non-pCR”
during analysis. Secondary endpoints include residual cancer burden (RCB),
3-year event-free survival (EFS) and distant relapse-free survival (DRFS). All
patients are followed for long-term outcome.
Clinical biomarker assessments are determined at baseline to group

patients into one of 8 subtypes based on hormone receptor (HR) status,
HER2-receptor, and 70-gene assay results (MammaPrint® (MP) Agendia).
MP scores were divided into Hi1 or Hi2 (<−0.573) based on previous data
from the I-SPY trial27. Adaptive randomization in I-SPY2 preferentially
assigns patients to agents according to actively updated Bayesian posterior
probabilities of pCR rate within each subtype; 20% of patients are
randomized to control.
Agents ‘graduate’ from I-SPY2 by reaching, in any of 10 clinically relevant

signatures, a predefined efficacy threshold of 85% probability of success in
a signature-specific, hypothetical 300-patient, 1:1 confirmatory phase 3
trial. Agents may be dropped for futility if the predicted probability <10%
for all signatures or the maximum enrollment threshold has been reached
for that arm. Additional details on the study design have been published
previously28,29.

Eligibility
Patients eligible for I-SPY2 are women ≥18 years, with stage II or III breast
cancer and primary tumors >2.5 cm by clinical exam or >2.0 cm by
imaging, with Eastern Cooperative Oncology Group performance status of
0 or 1. MammaPrint low-risk HR-positive/HER2-negative patients are
excluded from I-SPY2 as their lower risk of recurrence does not justify
risks of exposure to an investigational agent30. All participants provide
written informed consented prior to screening and again prior to
treatment. Only HER2-negative patients were eligible for randomization
to the PGM.

Treatment
Participants in the control arm received 80mg/m2 intravenous paclitaxel
weekly for 12 weeks; those in the ganitumab arm also received ganitumab
12mg/kg iv q2 weeks, and 850mg metformin PO BID concurrently with
paclitaxel. All participants then received four cycles of chemotherapy
consisting of 60mg/m2 doxorubicin plus 600mg/m2 cyclophosphamide iv
every 2–3 weeks (AC).
Definitive surgery followed AC, with lumpectomy or mastectomy at the

discretion of the treating surgeon. Sentinel node dissection was allowed in
node-negative patients, with axillary node dissection in node-positive
patients according to NCCN and local practice guidelines31. Adjuvant
treatment was not mandated by the trial, but was at the discretion of the
treating oncologist. However, standard-of-care adjuvant therapy per NCCN
guidelines was recommended.

Assessments
Core biopsies and breast MRI were performed at baseline and following
3 weeks of therapy. Additional MRIs were performed between paclitaxel
and AC and again following AC, as previously described28,29. Surgical
specimens were analyzed for the primary endpoint by local pathologists
trained in the residual cancer burden (RCB) method32.

Trial oversight
The trial was designed by the I-SPY2 study investigators. Amgen provided
study drug but played no role in the study design, collection/analysis of
data or in manuscript preparation. All participating sites received local
institutional review board approval. A DSMB meets monthly to review
patient safety and study progress. The authors of the manuscript vouch for
the accuracy and completeness of the data reported.

Expression biomarkers analyzed
RNA extracted from patients’ fresh frozen pre-treatment biopsies were
profiled using Agilent 44 K expression arrays (Agendia, Inc). To determine if
IGF-1R signaling was associated with response to ganitumab, we evaluated
the expression of 11 genes involved in IGF1R pathway signaling (IGF1,

IGF2, IGF1R, INSR, IGFBP2, IRS1, IRS2, IGFBP3, IGFBP4, IGFBP5, CDH1), the
IGFBP5/IGFBP4 ratio, and two IGFR expression signatures - IGF1_ligand_s-
core_Mu13 and IGFR_sig_Creighton14, evaluated as previously published.
Briefly, IGF1_ligand_score_Mu13 scores were calculated as published by

(1) reading in the signature gene list (274 genes); (2) extracting (centered)
expression data for all available signature genes from the 233 patients in
our study; (3) calculating pearson correlations and associated p-values for
each signature gene and IGF1 across the population; (4) creating a ternery
‘sign’ vector from (3) with each entry equal to (−1, 0, or 1) for each
signature gene based on the correlation results (−1 if negatively
correlated, +1 if positively correlated, and 0 if p > 0.01); 5) calculating
the Pearson correlation coefficient for the ternery vector from (4) and the
signature genes for each patient. Correlation coefficients from (5)
constitute the IGF1_ligand_score_Mu scores for each patient.
The IGFR_sig_Creighton signature14 was calculated as published by (1)

reading in the signature gene list (802 genes), (2) median centering the
data over the population, (3) creating a binary ‘sign’ vector (−1, 1)
associated with the signature genes as published (+1: n= 364; −1: n=
438), and (4) calculating the t-statistic for the regression model x~sign_-
vector and multiplying by (−1). After z-scoring (mean= 0; sd= 1), the
values from (4) constitute the IGFR_sig_Creighton scores for each patient.
We also measured glycosylated hemoglobin (HbA1c) as a measure of

glucose control and potential biomarker of response.

Statistical analysis
In the standard I-SPY2 Bayesian approach, probability distributions of pCR
rate for each regimen in each subtype are updated continuously via a
covariate analysis with HR, HER2 and MP status as covariates, adjusting for
time trends to allow comparisons against I-SPY2 controls enrolled since the
opening of I-SPY2. Adaptive randomization probabilities and the Bayesian
probability that each regimen is superior to control are derived from these
distributions. “Graduation” of a treatment arm occurs if the predicted pCR
rate in any signature meets the pre-specified threshold of 85% probability
of success in a hypothetical 300-patient, 1:1 randomized, phase 3 trial.

Contemporary controls and adjusting for time trends. The initial statistical
analyses in I-SPY 2 compared investigational arms with concurrently
randomized controls. The approach applied to the first five investigational
arms: neratinib, veliparib+carboplatin, trebananib, ganitumab, and Akt
inhibitor MK2206. In September 2013 the FDA granted accelerated
approval for pertuzumab+trastuzumab+docetaxel as neoadjuvant ther-
apy for high risk HER2+breast cancer. Our investigators and DSMB
required dropping the I-SPY 2 control arm for HER2+ subtypes because it
did not contain pertuzumab, which we did by amendment in early 2014. At
the time pertuzumab+trastuzumab+paclitaxel (for the first 12 weeks of
neoadjuvant therapy) was an investigational arm in the trial, but it had
accrued only 6 patients with none through surgery.
We wanted to be able to use the results for the original control arm but

were concerned about the possibility of a drift in the prognosis of patient
population over time and within patient subtype. We built a model that we
call “the time machine” that adjusts for the results over time within each
arm, including result for the investigational arms as well as those for
control. Having multiple arms in the trial with different time periods during
which they are accruing patients enabled bridging across the different eras
of trial accrual. The time machine discounts result from the past, with more
discounting if they are further in the past. The mathematical basis and
motivation was a statistical model for bridging eras in sports33. The model
description follows.
The control rate for an investigational arm is adjusted to the time period

when the arm was being randomized to patients. Each investigational arm
is compared directly against its concurrently randomized controls. The
time machine strengthens this comparison by bridging to earlier controls
via a series of direct comparisons. These direct comparisons are the various
comparisons of arms that have been randomized in the trial, including
comparisons of investigational arms against each other as well as against
controls. The strength of this borrowing depends on the time-period
overlaps among the various arms, both control and investigational arms.
The greater uncertainty associated with results during periods of relatively
low accrual and when fewer arms are being randomized is incorporated
into the final analyses of the various arms.
We explicitly incorporate terms in the model to account for potential

time trends in the pCR rate; we account for molecular subtype and
treatment as well. This is accomplished using time-dependent offset terms
in a logistic model. Time is set to 0 at each analysis. We partition time in
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the past into bins of 90 days each. The index of the most recent bin, that
for the previous 0–90 days, is 1. The index of the bin 91–180 days in the
past is 2. And so on. Let ti be the index of the bin for the randomization
time of patient i.
We model time-trend parameters δ(t) within each bin t. These are

additive parameters in the model for the log-odds ratio of pCR rate for
each investigational arm compared with control. We use two sets of time-
trend parameters, δ+(t) for HER2-positive and δ–(t) for HER2-negative.
Consider patient i who has subtype (HR–, HER2+, MP–) and was
randomized 750 days before present. Her bin ti is 9 and her time-trend
offset is δ+(9).
Suppressing subscripts + and – for both HER2 + and HER2–, we set δ (t)

= 0 for t= 1, 2, 3, 4. That means the previous year’s results count fully in
the analysis. Further in the past, that is, for t > 4, {δ(t)} is a second-order
Normal Dynamic Linear Model (NDLM)34. The NDLM uses the data within
bins to estimate the respective log-odds ratios, but it also serves to smooth
the effect across bins.
The time machine has the following structure for both HER2+ and

HER2–, again suppressing the + and – subscripts:

δ 1ð Þ ¼ δ 2ð Þ ¼ ¼ ¼ δ 4ð Þ ¼ 0

δ 5ð Þ � N μ0; τ
2
0

� �

δ 6ð Þ � δ 5ð Þ � N μ1; τ
2
1

� �

δ tð Þ � 2δ t � 1ð Þ þ δ t � 2ð Þ � N 0; τ2
� �

for t > 6

τ2 � IG α; βð Þ

In this notation, N(μ, σ2) refers to a normal distribution with mean μ and
standard deviation σ and IG stands for inverse gamma. The parameters of
the prior distributions are μ0 = μ1 = 0, τ20 = τ21 = 0.001, α= 1, and β=
0.001.

Biomarker Analysis
In the predictive marker analysis, we employed a 3-step Qualifying
Biomarker Evaluation method. In the predictive marker analysis, first we
used logistic regression modeling to evaluate the relative performance of
the marker within the experimental and control arms (models M1 and M2):

● M1 (PGM arm): pCR ~ marker
● M2 (Ctr arm): pCR ~ marker

Second, we performed marker-treatment interaction testing, also
using logistic regression modeling (model M3):

● M3: pCR ~ marker + Tx + (marker x Tx)

A biomarker was considered a specific predictor of response for PGM if it
associated with response in that arm, and if the biomarker x treatment
interaction was also significant (likelihood ratio (LR) test, p < 0.05). Analysis
was also performed adjusting for HR status as a covariate (models M1-2b:
pCR ~ marker + HR; and model M3b: pCR ~ marker + HR + Tx + (marker x
Tx)), and numbers permitting, within receptor subsets. Biomarkers were
assessed individually without adjustment for multiple hypothesis testing.
Our statistics are descriptive rather than inferential and do not adjust for
multiplicities. All analyses were performed in the computing environment
R (v.3.6.3) in RStudio (v.1.2.5033), using R Packages ‘stats’ (v.3.6.3) and
‘lmtest’ (v.0.9-37).

Reporting summary
Further information on research design is available in the Nature Research
Reporting Summary linked to this article.
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