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Datopotamab–deruxtecan in early-stage 
breast cancer: the sequential multiple 
assignment randomized I-SPY2.2 phase 2 trial

Among the goals of patient-centric care are the advancement of effective 
personalized treatment, while minimizing toxicity. The phase 2 I-SPY2.2 
trial uses a neoadjuvant sequential therapy approach in breast cancer 
to further these goals, testing promising new agents while optimizing 
individual outcomes. Here we tested datopotamab–deruxtecan 
(Dato-DXd) in the I-SPY2.2 trial for patients with high-risk stage 2/3 breast 
cancer. I-SPY2.2 uses a sequential multiple assignment randomization 
trial design that includes three sequential blocks of biologically 
targeted neoadjuvant treatment: the experimental agent(s) (block A), 
a taxane-based regimen tailored to the tumor subtype (block B) and 
doxorubicin–cyclophosphamide (block C). Patients are randomized into 
arms consisting of different investigational block A treatments. Algorithms 
based on magnetic resonance imaging and core biopsy guide treatment 
redirection after each block, including the option of early surgical resection 
in patients predicted to have a high likelihood of pathological complete 
response, the primary endpoint. There are two primary efficacy analyses: 
after block A and across all blocks for the six prespecified breast cancer 
subtypes (defined by clinical hormone receptor/human epidermal growth 
factor receptor 2 (HER2) status and/or the response-predictive subtypes). 
We report results of 103 patients treated with Dato-DXd. While Dato-DXd 
did not meet the prespecified threshold for success (graduation) after 
block A in any subtype, the treatment strategy across all blocks graduated 
in the hormone receptor-negative HER2−Immune−DNA repair deficiency− 
subtype with an estimated pathological complete response rate of 41%. 
No new toxicities were observed, with stomatitis and ocular events 
occurring at low grades. Dato-DXd was particularly active in the hormone 
receptor-negative/HER2−Immune−DNA repair deficiency− signature, 
warranting further investigation, and was safe in other subtypes in  
patients who followed the treatment strategy. ClinicalTrials.gov 
registration: NCT01042379.
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RPS based upon standards of care and I-SPY2 experience; and block C 
is traditional doxorubicin–cyclophosphamide with pembrolizumab 
for the immune-positive and triple-negative subsets. Patients are moni-
tored closely with serial MRI throughout each block and biopsy at the 
end of a block. These form the basis of an algorithm (pre-residual cancer 
burden (pre-RCB)) to assess the likelihood that a patient has achieved 
pCR and provide appropriate recommendations for treatment redirec-
tion. If pre-RCB indicates a high probability of pCR, patients are recom-
mended to proceed to surgery (de-escalation), foregoing treatment in 
subsequent blocks; when pre-RCB is below a preset threshold, patients 
are recommended to proceed early to the next block of treatment 
(early escalation). This data-directed treatment redirection allows 
patients to avoid toxicity and overtreatment with therapies they may 
not need. Additionally, because in I-SPY2, patients who did not reach 
a specific threshold for change in MRI functional tumor volume after 
6 weeks were unlikely to have a meaningful response to that regimen6,7, 
I-SPY2.2 allows patients who did not meet this threshold of response 
on a particular block after 6 weeks to switch to the next block of treat-
ment early. This allows patients to avoid toxicity from treatments that 
are unlikely to add benefit.

Here, we report the safety and efficacy results of the evaluation of 
datopotamab–deruxtecan (Dato-DXd), an arm in block A of I-SPY2.2.

Dato-DXd is an antibody drug conjugate (ADC) comprising a 
humanized antitrophoblast cell-surface antigen 2 (TROP2) IgG1 mono-
clonal antibody attached to a topoisomerase I inhibitor payload via a 
plasma-stable, cleavable linker8. In preclinical models, Dato-DXd has 
been shown to induce DNA damage and apoptosis in TROP2-expressing 
tumor cells. TROP2 is often highly expressed in triple-negative breast 
cancer (TNBC), but can be expressed in tumor cells of any breast cancer 
subtype, and as such has emerged as an interesting therapeutic target 
in metastatic breast cancer9.

In the phase 1 TROPION-PanTumor01 study that included patients 
with metastatic non-small cell lung cancer, hormone receptor (HR)+/
human epidermal growth factor receptor 2 (HER2)− breast cancer 
and TNBC, Dato-DXd showed promising clinical activity with an  
overall response rate of 31.8% in heavily pretreated patients with 
TNBC, 26.8% in HR+/HER2− breast cancer and 40% in patients with 
TNBC who had not received prior treatment with a topoisomerase 
inhibitor-based ADC10.

A pooled analysis of Dato-DXd for metastatic TNBC demonstrated 
a favorable safety profile, with infrequent grade 3–4 events, most often 
stomatitis (~14%)11. A number of additional trials in breast cancer are 
ongoing12–14.

The I-SPY2 trial, which began enrolling patients in 2010 at sites across 
the United States, was designed to rapidly assess the value of add-
ing novel drugs to the standard of care neoadjuvant chemotherapy 
backbone for patients with high-risk, early stage breast cancer. 
Patients enrolled in I-SPY2 received a 12 week course of paclitaxel 
(and trastuzumab ± pertuzumab, if HER2+) along with one of several 
novel investigational agents, followed by four cycles of traditional 
doxorubicin–cyclophosphamide before surgery. Over 12 years, 23 
drugs and drug combinations were evaluated, with some—such as 
pembrolizumab—going on to phase 3 trials and changing the standard 
of care worldwide for women with some of the highest-risk subtypes 
of breast cancer1,2.

I-SPY2 enrolled over 2,100 patients, and careful study of these indi-
viduals led to several key developments that have shaped the treatment 
of high-risk breast cancer as well as future trial design. The trial dem-
onstrated that pathologic complete response (pCR) is an important 
prognostic marker for individuals with molecularly high-risk breast 
cancer, regardless of the treatment they receive3. By evaluating patients 
with serial magnetic resonance imaging (MRIs) and biopsies during 
neoadjuvant therapy, I-SPY2 investigators developed an algorithm 
to predict pCR that could potentially identify a group of patients that 
could safely go to surgery before completing an entire planned neo-
adjuvant chemotherapy regimen4. Finally, investigators were able to 
classify early stage breast cancers beyond just estrogen receptor, pro-
gesterone receptor and HER2 status into response-predictive subtypes 
(RPS) that reflect potential sensitivity to modern classes of treatments. 
The RPS is defined by a combination of gene expression signatures 
(response to immunotherapy and/or DNA repair deficiency (DRD)) 
and the BluePrint assay, which could allow for further personalization 
of therapy in the future5.

Using the lessons from I-SPY2, I-SPY2.2 was designed with the 
goal of further refining the biological targeting of treatments to give 
each woman the best opportunity to reach pCR, while at the same time 
reducing exposure to unnecessary treatments to minimize toxicities. 
It retains similar drug development goals as I-SPY2, in that I-SPY2.2 is a 
phase 2 signal-finding trial to efficiently identify targeted experimental 
treatments that are likely to be successful in phase 3 trials. Patients 
enrolled in I-SPY2.2 receive up to three sequential blocks of neoadju-
vant treatment (Fig. 1). Investigational agents/combinations are evalu-
ated in block A, which has a randomized platform design permitting the 
investigation of multiple agents in parallel; block B assigns patients to 
taxane-based chemotherapy, with additional agents (carboplatin, tras-
tuzumab, pertuzumab and/or pembrolizumab) tailored to a specific 

Datopotamab
ACTaxolHR+HER2–Immune–DRD–

AC + pembroTaxol + carbo + pembroHR–HER2–Immune–DRD–

HER2–Immune+ Taxol + carbo + pembro AC + pembro
HER2–Immune–DRD+ Taxol + carbo + pembro AC + pembro

AC + pembroTaxol + carboHER2–Immune–DRD+

Treatment assignments/randomization

Screen Randomize

Block A 
Experimental agent(s)

Block B 
Best by RPS

Block C 
Rescue chemo

Surgery

De-escalation

Pre-RCB Pre-RCB

Early escalation

∆FTV

Early escalation

∆FTV

Fig. 1 | I-SPY2.2 study schematic. Participants receive up to three rounds (or 
blocks) of treatment, depending upon response assessed by MRI and biopsy. 
Block A is a platform trial design that randomizes participants to one of several 
arms testing experimental agents or combinations. Patients not responding to 
treatment in block A receive paclitaxel-based standard of care therapy in block 
B, assigned (or randomized) based on their RPS. Those not responding in block 
B proceed to treatment in block C and receive a minimum of AC chemotherapy. 

All patients complete treatment with definitive surgery. Patients who meet the 
threshold to have a high probability of RCB 2/3 disease at 6 weeks (based on 
MRI at 0, 3 and 6 weeks in A or after 6 weeks in B) have the option of forgoing 
the remainder of treatment in that block (early treatment redirection to next 
block). Surgeon icon by Delwar Hossain released under a CC BY 3.0 license. Taxol, 
paclitaxel; carbo, carboplatin; pembro, pembrolizumab.
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The first arm of I-SPY2.2, Dato-DXd, enrolled patients at 44 clinical 
sites around the continental United States. Here, we describe the results 
of this arm of the trial and illustrate some of the important lessons 
learned from this complex and novel patient-centered trial design.

Results
Patients
Between 27 June 2022 and 1 September 2023, 500 patients were screened 
for the I-SPY2.2 trial (Fig. 2). Of the 358 participants randomized to the 
trial, 103 were randomized to receive Dato-DXd in the first treatment 
block of I-SPY2.2 (block A). Enrollment to the arm was halted when 
maximum accrual of 100 patients was reached, and patients already 
in the screening process at the time of arm closure were allowed to 
proceed to randomization and treatment. These 103 patients form the 
modified intent-to-treat (ITT) population used for the primary analyses. 
Baseline characteristics of the Dato-DXd population are presented in 
Table 1. The median age at screening was 46 (range 28–78) years. Most 
patients were White (58.3%), 11.7% were Hispanic/Latino, 10.7% were 
Black, 8.7% were Asian and 1% were Indigenous American/Alaska Native.

All patients eligible and randomized to the Dato-DXd arm had 
HER2-negative disease; 53 (51.5%) had hormone-positive disease, and 
50 (48.5%) hormone-negative (triple negative). The most common 

of the RPS was HER2−Immune+, accounting for 46 (44.7%) of the 103 
participants, followed by HR+HER2−Immune−DRD− (n = 36, 35%), 
HR−HER2−Immune−DRD− (n = 11, 10.7%) and HER2−Immune−DRD+ 
(n = 10, 9.7%). Figure 3a shows how the standard HR/HER2 subtypes 
map to RPS in this arm. Of note, 17 (of 53) HR+HER2− patients were 
HER2−Immune+ and were assigned the same block B treatment (pacli-
taxel + carboplatin + pembrolizumab) as their HR− counterparts.

The study schema is shown in Fig. 1, illustrating how patients were 
treated in the trial, beginning with block A (assigned to all subtypes). 
Figure 2 is the CONSORT diagram, which shows the flow of patients 
from screening to randomization and demonstrates how many patients 
proceeded through each block of therapy. Supplementary Fig. 1 shows a 
simplified schema, annotated by how many patients entered and exited 
each block of therapy. As shown in the CONSORT, at the completion of 
treatment in block A, 21 patients met pre-RCB criteria, 20 of whom pro-
ceeded to early surgery and 1 continued to block B. A total of 39 patients 
proceeded to surgery. Sixty-four patients proceeded to block B,  
including 19 who switched treatment from block A early (Supplemen-
tary Fig. 1). At completion of block B, 13 patients met pre-RCB criteria, 9 
(including 1 who already met criteria at A) of whom proceeded to early 
surgery and 4 continued to block C. A total of 29 went to early surgery 
at block B. Thirty-five patients advanced to block C, 23 of whom were 

Screened
(n = 500)

Randomized
(n = 358)

Not randomized (n = 142)
Screened within accrual 
period but randomized after 
arm closure (n = 17)
Other reasons (n = 19)
Unknown (n = 20)
No arm assignment (n = 86)

Randomized to 
Dato-DXd
(n = 103)

Randomized to other armsa

(n = 255)

Received allocated 
therapy 
(n = 103)

Modified ITT
primary analysis population 21 met criteria for early surgery

Surgery after block Ab

(n = 39)
20 met pre-RCB criteria

Proceeded to block B
(n = 64)
1 had met pre-RCB criteria 13 met criteria for early surgery

Surgery after block Bb

(n = 29)
9 met pre-RCB criteria at B 
(includes 1 patient who 
met criteria at A)

Proceed to block C
(n = 25)
23 recommended for C 
(excludes pre-RCB criteria
met or unknown at B)

Fig. 2 | CONSORT diagram. The enrollment period was defined as date of first 
screening consent from arm to date of arm closure to randomization (27 June 2022  
to 1 September 2023). The number of patients who adhered to the protocol-
specified treatment recommendations for early de-escalation to surgery were 
also included. aPatients randomized to other arms included (1) HR+HER2− 
MammaPrint low risk or clinically node negative MammaPrint high1 class 

patients randomized to the I-SPY endocrine optimization pilot (n = 61), (2) HER2+ 
patients not eligible to receive Dato-DXd + durvalumab (n = 46) and (3) HER2– 
patients randomized to other open arms including the Dato-DXd + durvalumab 
combination (n = 148). bIncludes patients who were assigned non-pCR (at block A 
or block B, respectively).
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recommended to proceed to block C. Among the patients proceeding 
to block C, seven switched treatment from block B early.

Efficacy of Dato-DXd alone (block A)
The efficacy of Dato-DXd treatment in block A is shown in Fig. 3 and 
Supplementary Table 1. In this analysis, we estimated the pCR rate of 
block A (alone) using a Bayesian covariate-adjusted model with MRI 
imputation based on pCR and MRI data. Specifically, we used pCR data 
from patients exiting block A, and assumed non-pCR at block A for 
patients with positive biopsy or did not achieve a pCR at later blocks. 
For patients who did not go to surgery after block A and achieved pCR 
at later blocks, MRI data are used to impute the probability of pCR at 
block A and inform the estimated pCR rate. Additional details of the 
analysis are described in Methods. The probability distributions of the 
pCR rate for each subtype (Fig. 3b–g) were compared with a fixed pCR 
rate threshold (represented by a dashed vertical line) set on the basis of 
the expected response rates for higher and lower responding subtypes. 
For the higher responding subtypes, for example, HER2−Immune+, 
the pCR rate threshold was 40%; for subtypes with lower overall pCR 
rates to standard of care treatment, the threshold was 15%. Agents 
are said to ‘graduate’ if the probability that the pCR rates exceeds the 
subtype-specific threshold is >85%. Dato-DXd did not meet the block 
A graduation threshold in any of the subtypes.

Efficacy of treatment strategy
A total of 37 pCRs (38.1%) were observed in the arm over the complete 
treatment strategy, of which 18 occurred after block A (48.7%), 13 after 
block B (35.1%) and 6 after block C (16.2%) (Supplementary Fig. 1).

Figure 4 and Supplementary Table 2 show the results for the entire 
treatment strategy (across all blocks) for each subtype. In this analysis, 
the pCR rate of the treatment strategy is estimated using a Bayesian 
model informed by the timing of pCR assessment and pCR status. Mod-
eled rates (Fig. 4, solid lines) are compared against subtype-specific 

‘dynamic controls’ constructed from I-SPY2 data. Details on the 
dynamic control are described in Methods. Briefly, we estimated pCR 
rates of candidate comparators selected from previously tested I-SPY2 
arms containing elements of current standard of care, including the 
veliparib + carboplatin arm15, the pembrolizumab arm1 and the histori-
cal control of paclitaxel followed by doxorubicin–cyclophosphamide 
(AC), using a Bayesian covariate-adjusted model. Weighted posterior 
distributions of the candidates are then combined into a single poste-
rior distribution to form the dynamic control (gray filled distributions) 
against which treatment strategies are compared. Modeled treatment 
strategies graduate if the probability they are superior to the dynamic 
control, P(>DC), is >85%.

Given the considerable number of patients who went to early sur-
gery without meeting pre-RCB criteria, we also performed a sensitivity 
analysis for efficacy including only those individuals who adhered to 
pre-RCB criteria predicting high likelihood of pCR at time of surgery. 
Modeled rates from the sensitivity analyses are represented as dashed 
lines in Fig. 4, and the numbers of patients included in this analysis are 
highlighted in bold in the CONSORT diagram in Fig. 2.

In the HR−HER2−Immune−DRD− subtype, a small subtype, 4 of 11 
patients (36%) achieved a pCR. Three of the four pCRs (75%) occurred 
after block A alone (Supplementary Table 3). The modeled pCR rate for 
the treatment strategy (across all blocks) was 41% (confidence interval 
(CI) 16–66%). Compared with the dynamic control with a mean esti-
mated pCR rate of 16% (CI 6–26%), the treatment strategy met criteria 
for graduation with a P(>DC) of 0.97 within this subtype (Fig. 4b and 
Supplementary Table 2). On sensitivity analysis that included only 
patients who met criteria to proceed to surgery (n = 4) as recommended 
by the trial’s pre-RCB algorithm, the modeled pCR rate was higher at 
53% (CI 16–90%) (Fig. 4b).

The graduation threshold for treatment strategies (across all 
blocks) were not met in any other subtypes. The highest pCR rate was 
seen in the HER2−Immune+ subtype, where 27 of 46 patients (59%) 
achieved pCR. Twelve of the 27 (44%) pCRs were achieved following 
block A (Supplementary Table 3). In this subtype, the modeled pCR 
for the treatment strategy was 58% (CI 44–72%), compared with the 
dynamic control mean pCR rate of 78% (CI 66–90%), with a probabil-
ity of being superior to the dynamic control (P(>DC)) of 0.02. The 
sensitivity analysis included only patients who adhered to pre-RCB 
recommendations to proceed to surgery (n = 25) and had a higher pCR 
rate of 67% (CI 49–85%), which was not statistically different from the 
dynamic control (P(>DC) = 0.15) (Fig. 4c and Supplementary Table 2).

In the HER2−Immune−DRD+ subtype, a small subset, the modeled 
pCR for the Dato-DXd/paclitaxel + carboplatin + pembrolizumab/
AC + pembrolizumab (D/TCPe/ACPe) treatment strategy was 37%  
(CI 10–64%) compared with the dynamic control mean pCR rate of 
72% (CI 52–92%), with P(>DC) = 0.03. The sensitivity analysis indicated 
 that adherence to pre-RCB recommendations resulted in a higher 
modeled pCR rate of 50% (CI 15–85%, n = 6), which was not statisti-
cally different from the dynamic control (P(>DC) = 0.16) (Fig. 4d and  
Supplementary Table 2).

The rates of pCR were lowest in the HR+HER2−Immune−DRD− 
subtype (3/36 patients, 8%). One pCR occurred after each of block A, 
block B and block C treatment, respectively (Supplementary Table 3). 
The modeled pCR rate for the complete treatment strategy was 12%  
(CI 2–22%) compared with the dynamic control mean pCR rate of 15% 
(CI 6–24%, P(>DC) = 0.33). The sensitivity analysis of pre-RCB adherents 
resulted in a similar modeled pCR rate (Fig. 4a and Supplementary 
Table 2).

Considering the immunohistochemical subtype, HR−HER2− 
or triple-negative breast cancer in this arm, 25 of 46 patients (54%) 
achieved a pCR, with 15 of the 25 observed pCRs (60%) achieved after 
block A (Supplementary Table 3). The modeled pCR for the com-
plete treatment strategy was 52% (CI 38–66%) compared with the 
dynamic control mean pCR rate of 65% (CI 56–74%) (P(>DC) = 0.06). 

Table 1 | Patient demographics in the Dato-DXd arm

Overall (n = 103)

Age (years) at screening

  Mean (s.d.) 47.8 (11.6)

  Median (min, max) 46.0 (28.0, 78.0)

Ethnicity

  Hispanic/Latino 12 (11.7%)

  Not Hispanic/Latino 83 (80.6%)

  Missing 8 (7.8%)

Race

  Asian 9 (8.7%)

  Black 11 (10.7%)

  Indigenous American/Alaska Native 1 (1.0%)

  White 60 (58.3%)

  Missing 22 (21.4%)

Subtype

  HER2−Immune−DRD+ 10 (9.7%)

  HER2−Immune+ 46 (44.7%)

  HR−HER2−Immune−DRD− 11 (10.7%)

  HR+HER2−Immune−DRD− 36 (35.0%)

HR

  Positive 53 (51.5%)

  Negative 50 (48.5%)
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The sensitivity analysis including only patients who met criteria to 
proceed to surgery (n = 24) yielded a higher modeled pCR rate of 66% 
(CI 48–84%) for the treatment strategy, which was not statistically 
different from the dynamic control (P(>DC) = 0.55) (Fig. 4e and Sup-
plementary Table 2).

Additional granular information on the degree of residual cancer 
is provided by RCB, a secondary endpoint of the trial. The RCB class 
distribution (assessed at the time of surgery across all blocks) by sub-
type are shown in Supplementary Fig. 2. Notably, an additional two 
(20%) and five (11%) of HR−HER2−Immune−DRD− and HER2−Immune+ 
patients had RCB-I, for a total of 60% and 70%, respectively, achieving 
no or minimal residual disease within these subtypes for the treatment 
strategy D/TCPe/ACPe.

Note that the planned secondary endpoint of event-free survival 
is not reported in this paper.

Safety and toxicity
Dato-DXd administered in block A was generally well tolerated by par-
ticipants. The incidence of adverse events that were experienced by at 
least 20% of patients during block A is shown in Fig. 5a. The most com-
mon adverse events due to Dato-DXd treatment were nausea (91%: 67% 
grade 1 and 21% grade 2), fatigue (82%: 69% grade 1 and 11% grade 2), rash 
(75%: 62% grade 1 and 12% grade 2), stomatitis (69%: 52% grade 1 and 15% 
grade 2) and alopecia (65%: 45% grade 1 and 20% grade 2). Ocular events 
were noted in 38% of patients; all were grade 1 or 2 (35% grade 1 and 3% 
grade 2). These included keratitis, eye pain, vision blurred, eye irrita-
tion, photophobia, eye pruritus, dry eye, photopsia, conjunctivitis, eye 

infection, eyelid irritation, corneal ulcer, uveitis, corneal opacity and 
eye disorder. Notably, there were three cases of grade 3 nausea (3%), 
two cases of grade 3 fatigue (2%), two cases of grade 3 stomatitis (2%) 
and one case of grade 3 rash (1%). No grade 4 or 5 events were noted in 
block A. In block A, no patients discontinued Dato-DXd due to adverse 
events, although adverse events led to holds in six patients (5.8%), and 
nine patients (8.7%) underwent Dato-DXd dose modifications due to 
adverse events (Supplementary Table 4).

Adverse events occurring in at least 20% of patients at any point 
during the treatment strategy are shown in Fig. 5b. Additional adverse 
events emerged during blocks B (in bold on the list of adverse events on 
the y axis) and C, including neuropathy (48%: 38% grade 1, 8% grade 2, 
1% grade 3 and 1% grade 4) and neutropenia (22%: 5% grade 1, 5% grade 2,  
11% grade 3 and 2% grade 4). Stomatitis and rash were reported in 76% 
and 79% of patients, respectively, most of which remained at grade 1 
or 2 severity.

Reported immune-related adverse events based on the block of 
onset and exit block for patients off treatment are shown in Fig. 5c. 
Adrenal insufficiency was seen in four patients, with onset in three 
patients during block B and one patient during block C. Pneumonitis, 
colitis, hepatitis, myocarditis, type 1 diabetes mellitus and hyperthy-
roidism were each seen in one patient, all with onset in block B.

Discussion
One of the primary goals of the I-SPY2.2 design is to get every patient to 
pCR while minimizing toxicity. However, in the event that a patient goes 
to the operating room early and the pathology shows residual disease, 
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a

Fig. 3 | Efficacy of Dato-DXd treatment in block A. a, A Sankey diagram 
illustrating how the RPS relate to standard HR/HER2 subtypes in the trial, 
with number of patients of each subtype. b–g, The posterior probability 
distributions of pCR rate following treatment in block A with Dato-DXd in each 
of the four RPS subtypes and HER2− subtypes: HR+HER2−Immune−DRD− (b), 

HR−HER2−Immune−DRD− (c), HER2−Immune+ (d), HER2−Immune−DRD+ (e), 
HR+HER2− (f) and HR−HER2− (g). The mean pCR rate with 95% CI is shown, along 
with the probability (P(>Th)) that the agent is greater than a preset pCR rate 
threshold set for a specific subtype. If the P(>Th) is greater than 85% for the 
threshold (dashed vertical line), the agent is said to ‘graduate’.
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Fig. 4 | Efficacy of treatment strategies spanning blocks A–C. a–e, The 
posterior pCR rate distributions for each RPS subtype: HR+HER2−Immune−DRD− 
(a), HR−HER2−Immune−DRD− (b), HER2−Immune+ (c), HER2−Immune−DRD+ (d) 
and HR−HER2− (e) and associated treatment strategy (D, Dato-DXd; T, paclitaxel; 
C, carboplatin; Pe, pembrolizumab) along with the mean pCR rate and 95% CI. 
The ITT population is the solid line. The dashed line represents a sensitivity 
analysis that considers only patients who adhered to pre-RCB recommendations 
following block A and B treatment. P(>DC) is the probability that the pCR  
rate of the treatment strategy is superior to a subtype-specific dynamic  

control (filled gray distribution) that was predefined using cumulative data 
from I-SPY2 reflecting current best-in-subtype treatment. The threshold for 
graduation of a treatment strategy is P(>DC) ≥ 0.85. Note that, within the 
HER2−Immune−DRD+ subtype (n = 10), 7 patients went to surgery or received 
nonprotocol therapy after block A and did not proceed to receive block 
B treatment. Among the three patients proceeding to block B, two were 
randomized to TCPe and yielded nine patients who followed the treatment 
strategy D/TCPe/ACPe shown in d.
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Fig. 5 | Incidence of most frequently observed adverse events. a, The incidence 
of adverse events of any grade that were experienced by greater than 20% of 
participants during block A treatment with Dato-DXd (n = 103). b, The incidence 
of adverse events of any grade that were experienced by greater than 20% of 
patients during any block of treatment (n = 103). Note that all grade 3/4 adverse 
events observed in the study are represented here. The adverse events that 
were associated only with blocks B and C are bolded. c, The immune-related 
adverse events experienced by participants in any treatment block. Note that 
36 participants received pembrolizumab + paclitaxel + carboplatin in block 
B and 16 received AC + pembrolizumab in block C. This does not include the 
seven patients who withdrew or received off-study therapy (which may include 

pembrolizumab). Adverse events listed as ‘combined’ refer to iMedDRA 
combined terms as follows: stomatitis (combined): stomatitis, oropharyngeal 
pain, mouth ulceration, mouth injury, oral pain and gingival pain; rash 
(combined): rash, rash maculo-papular, dermatitis, rash pustular, skin disorder, 
dermatitis acneiform, rash pruritic, rash erythematous, eczema, urticaria and 
rash macular; ocular events (combined): keratitis, eye pain, vision blurred, 
eye irritation, photophobia, eye pruritus, dry eye, photopsia, conjunctivitis, 
eye infection, eyelid irritation, corneal ulcer, uveitis, corneal opacity and eye 
disorder; neuropathy (combined): peripheral sensory neuropathy, peripheral 
motor neuropathy and neuropathy peripheral; neutropenia (combined): febrile 
neutropenia, neutropenia and neutrophil count decrease.
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additional targeted therapy can be administered in the adjuvant set-
ting. In this way, individuals in the trial can try innovative approaches 
and be safely and optimally managed.

While Dato-DXd monotherapy in the neoadjuvant setting in 
I-SPY2.2 did not meet the predefined graduation threshold as a single 
therapy in block A, it performed better than the dynamic control in the 
HR−HER2−DRD− subtype when it was considered as part of a treatment 
strategy (across all blocks). In the block A efficacy analysis, covariate 
modeling is used to estimate pCR rates as the trial proceeds, which 
enables us to leverage the full sample size to estimate pCR when there 
is data missing (as not all patients go to surgery after each block). 
However, the covariate model tends to underestimate the pCR rates 
in small subtypes with poor expected response, and this may have 
resulted in a lower estimated pCR rate (relative to the observed rate) 
after block A alone in the HR−HER2−Immune−DRD− subtype. However, 
the treatment strategy (across all blocks) was clearly active and had 
a 97% chance of outperforming the dynamic control in this subtype, 
which is generally expected to have a low pCR rate. Although only 11 
patients were in this subset, of the four patients that achieved a pCR, 
most of the pCRs (three out of four, 75%) occurred after block A alone, 
and two patients (20%) achieved RCB-1 disease. These results suggest 
that Dato-DXd is highly active in this subtype and warrants further 
investigation. We have further optimized the Immune− subtype for 
triple-negative cases in I-SPY2 and it is possible that the application of 
this new classifier could affect the results.

In patients with Immune+ disease, 27 of 46 (59%) achieved a 
pCR and 25 of 49 (51%) patients with HR−HER2− disease achieved a 
pCR by completion of the treatment strategy. The modeled rate of 
pCR in the Immune+ subtype was 58% (CI 44–72%), which is lower 
than the dynamic control (78%, CI 66–90%). Because a number of 
patients went to surgery early despite not meeting pre-RCB criteria, 
we performed a sensitivity analysis that included only patients who 
adhered to criteria to proceed to surgery as recommended by the 
trial’s pre-RCB algorithm. In this sensitivity scenario, the modeled 
pCR rate was higher (67% (CI 49–85%)) in the Immune+ subtype, and 
66% (CI 48–84%) in HR−HER2− disease or triple-negative disease, and 
not statistically different from the dynamic control. In the study 
population evaluated in this way, Dato-DXd monotherapy appeared 
to be an active treatment strategy. Around half of the pCRs in the 
Immune+ and TNBC subtypes (12/27 (44.4%) and 15/25 (60%), respec-
tively) were achieved after block A.

The sensitivity analysis demonstrated that Dato-DXd did not 
lower the rate of neoadjuvant response when tested in sequence with 
standard of care, even in highly responsive subtypes. Importantly, 
Dato-DXd allowed 18.5% (18/103) of all patients to achieve a pCR after 
block A without additional therapy, with the associated reduction in 
toxicity. When we consider the 37 total patients who achieved a pCR 
(38.1%) across all blocks, almost half of them (18/37, 48.7%) occurred 
after block A alone, and another 35.1% (13/37) occurred after block B.

The most common adverse events on the Dato-DXd block A of 
therapy included nausea, rash and fatigue, most of which were of grade 
1–2 severity. Alopecia was noted in more than half of patients (65%) dur-
ing block A. Stomatitis was noted in 69% of patients and ocular events 
in 38% of patients, despite the trial-mandated use of dexamethasone 
mouthwash four times daily and lubricating eye drops; but rates of 
both of these toxicities were mostly of grade 1–2 severity. Stomatitis 
was more persistent than ocular toxicity throughout the three blocks 
of therapy, but most events resolved by end of treatment and remained 
low grade.

As expected, new events emerged on taxane-based block B and 
anthracycline-based block C of therapy, including neutropenia in 22.3% 
of patients, with 10.6% with grade 3 and 1.9% with grade 4 neutropenia. 
Neuropathy emerged in less than half of patients (47.5%), and most 
events were predominantly grade 1 or 2 in severity. Neither of these 
events were present in block A.

The pre-RCB algorithm previously described separates patients 
with a very high chance of having a pCR (in the range of 90%) and those 
who do not (30–40%). One major limitation of this trial arm was lack of 
adherence to trial guidance on escalation or de-escalation strategies 
recommended as a result of pre-RCB assessments. Of the 103 patients 
enrolled in block A, 39 exited the trial after block A for various reasons, 
including proceeding to surgery early without pre-RCB prediction of 
pCR. We are currently investigating the reasons for nonadherence to 
the recommended treatment strategy, and plan to publish details of 
this investigation once it is complete. New rules are now in place for 
real-time monitoring of any cases where surgery is planned for a patient 
that does not meet the pre-RCB criteria for predicted pCR. Patients 
from the Dato-DXd arm continue to be followed, and data are also being 
reviewed on adjuvant therapies received, especially for patients who 
exited blocks prematurely and did not achieve a pCR. Changes to the 
protocol and process have improved adherence to the recommenda-
tions for early treatment redirection in subsequent arms of I-SPY2.2.

Two additional limitations are the use of a dynamic control that 
includes only data from I-SPY2 and the small size of some subtypes 
(including HR−Immune−DRD− where the agent graduated). I-SPY2.2 
uses RPS to incorporate additional biological information predictive 
of sensitivity to agents targeting immune checkpoints and DRD; as it 
is relatively recent, it is not yet employed outside of I-SPY2. Thus, our 
dynamic control is limited to using I-SPY2 data (from ~1,800 patients) 
and does not include a carboplatin + pembrolizumab + paclitaxel regi-
men. It should be noted, however, that the estimated pCR rates for the 
dynamic control of triple-negative patients is 65%, which is similar to 
the rate observed in the Keynote-522 trial2.

The Dato-DXd monotherapy arm was one of the first arms on the 
novel I-SPY2.2 trial design, and it is evident from the sensitivity analysis 
that, for patients who adhered to the pre-RCB recommendations and 
followed the intended treatment strategy, their rates of pCR were 
noninferior to the dynamic control, and in the HR−HER2−Immune−DRD− 
subtype, were superior. This particular subtype, which is a subtype 
that molecularly would not be predicted to respond robustly to 
HER2-directed therapy, immunotherapy (such as pembrolizumab) or 
DNA damage repair-targeting agents (such as platinum-based chemo-
therapy or poly ADP ribose polymerase inhibitors), is a challenging 
subtype to treat and could potentially be a subtype of breast cancer 
that benefits most from more novel targeted therapies. Dato-DXd is 
an ADC targeting TROP2, a transmembrane protein broadly expressed 
and associated with poor prognosis in HER2− breast cancer9, and pre-
vious published work has detailed its potent drug–antibody ratio 
and limited off-target adverse effects8. Patients in this trial who were 
able to achieve pCR after just four cycles of Dato-DXd were spared 
the toxicity of 24 weeks of additional chemo-immunotherapy, which 
arguably may not have improved their outcomes further. Neoadju-
vant trials with eight cycles of this agent are ongoing, as are trials in 
the postneoadjuvant setting in patients with non-pCR to traditional 
chemo-immunotherapy.

We were able to safely evaluate Dato-DXd in early breast cancer and 
learn more about the ability of four cycles of this agent to achieve pCR 
without adversely affecting patient outcomes. Further, the efficacy of 
a combination strategy of Dato-DXd and durvalumab, which enrolled 
in parallel with this arm, showed promising results that are reported 
separately in ref. 16. Future studies should incorporate the molecular 
profile of patients so that we can prospectively identify those most 
likely to respond to Dato-DXd.
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Methods
Study design
I-SPY2.2, targeting early breast cancer, is a hybrid design consisting 
of a sequential multiple assignment randomized trial17 that integrates 
a phase 2 adaptive platform approach for early breast cancer at high 
risk of recurrence (ClinicalTrials.gov identifier NCT01042379). The 
design enables the development of novel agents and combination 
treatments, while permitting treatment redirection within the trial, 
based upon treatment response assessed by MRI. As shown in Fig. 1, 
the trial consists of three ‘blocks’ of treatment:

Treatment block A. Treatment block A uses the platform approach 
to evaluate multiple novel agents in parallel. The master protocol of 
I-SPY2.2 allows agents to leave or enter block A investigation using 
protocol amendments. Block A agents are administered as single agents 
(or combinations) without paclitaxel. MRI is used to assess treatment 
response longitudinally by assessing change in functional tumor vol-
ume (FTV) from pretreatment baseline and predict the probability of 
pCR18. Following completion of a 12-week regimen, participants with 
MRI-predicted pCR probability above prespecified thresholds whose 
core biopsy at 12 weeks also show no residual cancer at the primary 
site, are offered the ability to proceed directly to surgery, forgoing 
treatment in the remaining two treatment blocks. Participants not 
meeting the combined MRI and biopsy criteria then proceed to treat-
ment block B.

Treatment block B. Block B offers participants treatment with a 
standard-of-care regimen predicted to yield the highest rate of pCR 
based on the RPS classification developed as part of I-SPY2 (ref. 5). Six 
RPS phenotypes are used based upon HR, HER2, immune-responsive, 
DRD and intrinsic luminal-ness biomarker signatures. In the cur-
rent arm, only HER2− subtypes were eligible for randomization: 
HR+Immune−DRD−, HR−Immune−DRD−, Immune+ and Immune−DRD+. 
Regimens in block B typically incorporate paclitaxel (Supplementary 
Table 5). As with block A, participants whose MRI-predicted pCR prob-
ability is above threshold after a 12 week course of treatment and who 
had no residual disease found in a post-treatment core biopsy may 
proceed directly to surgery, while those not meeting the MRI and biopsy 
combined criteria are offered rescue therapy in block C.

Treatment block C. In block C, participants are assigned to receive a 
minimum of chemotherapy with standard of care doxorubicin/cyclo-
phosphamide over an 8 or 12 week treatment cycle.

Early treatment switching. In I-SPY2, we set a threshold below which 
participants, following 6 weeks of treatment, were predicted to have 
moderate to extensive residual disease (RCB 2/3) remaining at 12 weeks. 
Therefore, to minimize toxicity of ineffective treatment, in blocks A and 
B, participants with <30% FTV reduction from baseline at 3 weeks and 
subsequently showing <65% FTV reduction from baseline at 6 weeks 
may forgo the remaining treatment cycles in that block and proceed 
to the next treatment block6.

Endpoint. The primary endpoint of I-SPY2.2 is pCR, which is assessed 
using the residual cancer burden method19,20. Efficacy is evaluated 
within several clinical signatures, including traditional HR/HER2 sub-
types as well as in each of the RPS classification for each novel agent fol-
lowing completion of block A treatment and for each unique sequence 
of treatments received across blocks A, B and C.

Safety is assessed using the National Cancer Institute (NCI) Com-
mon Terminology Criteria for Adverse Events (CTCAE) v5.0 (ref. 21). 
This is augmented by patient-reported adverse events using the 
patient-reported outcomes version of CTCAE (PRO-CTCAE)22, the 
PROMIS23 quality of life questionnaire and the FACT-GP5 (ref. 24) single 
item question about the impact of adverse events.

Secondary endpoints include RCB score and class19, 3- and 5-year 
event-free survival and distant relapse-free survival. All participants 
were followed for long-term outcomes.

Dynamic control. As clinical standards of breast cancer care evolve 
over time, and the I-SPY trial is continuously open and enrolling, we 
realize our comparator (control) arm needs to update as well to appro-
priately reflect these ongoing clinical advances. To address this, in 
I-SPY2.2, we utilize a ‘dynamic control’ in which we identified a set of 
candidate comparator arms for each subtype from previously tested 
I-SPY2 agents that include elements of newer clinical standards (for 
example, checkpoint inhibitors, carboplatin, dual HER2-targeting in 
combination with paclitaxel followed by AC). Candidate comparators 
forming the dynamic control for each subtype are presented in Sup-
plementary Table 6.

Using a Bayesian covariate-adjusted model (described in detail 
in ‘Statistical analysis’ section) and data from 1,818 I-SPY2 patients 
enrolled between March 2010 and April 2022 across 20 arms, we esti-
mated the posterior distribution of pCR rates of each candidate com-
parator arm. The dynamic control is defined as the weighted posterior 
distribution of each candidate comparator arm, where the weight is 
the probability that it is the best arm among the candidate compara-
tor arms within the dynamic control. This weighting forms a single 
posterior distribution for the dynamic control against which I-SPY2.2 
treatment strategies are compared.

Randomization. When Dato-DXd was open to enrollment, partici-
pants were randomized with equal probability to open arms at block 
A for their subtype. The number of open block A arms in each subtype 
varied over the course of Dato-DXd enrollment. The Dato-DXd plus 
durvalumab arm was also opened to enrollment during this period and 
patients were randomized to the Dato-DXd alone and Dato-DXd + dur-
valumab arms at equal probability. In block B, participants with the 
Immune−DRD+ subtype were randomized 1:1 to receive one of two block 
B treatment courses: paclitaxel plus carboplatin or paclitaxel plus car-
boplatin and pembrolizumab. For all other subtypes, block B treatment 
was assigned to a single available course of treatment for this block.

Efficacy assessment. Like I-SPY2, I-SPY2.2 is a signal-finding trial 
that aims to rapidly identify agents or treatment sequences that are 
likely to be successful in phase 3 trials in responsive subtypes. I-SPY2.2 
assesses efficacy in two different ways: (1) evaluating the efficacy of 
experimental agents/combinations immediately following completion 
of treatment in block A and (2) evaluating the efficacy of total treatment 
administered to individuals, in the form of each unique treatment 
strategy that occurs across the different agents used in blocks A–C.

In assessing efficacy of the experimental agent in block A alone, 
agents deemed good candidates for further evaluation are said to 
‘graduate’ if there is an 85% probability that their pCR rate exceeds a 
predetermined fixed pCR rate threshold. These thresholds are selected 
to reflect a level of activity considered clinically interesting for a novel 
regimen when given alone without standard chemo/targeted therapies. 
There are two thresholds, one for subtypes with high response rates to 
previously evaluated I-SPY2 agents, set at 40%, and one for subtypes 
with lower response rates, set at 15%.

In assessing efficacy across all blocks, graduation is deter-
mined by a comparison to a dynamic control based on the pCR rates 
expected if participants had been given standard of care or the previous 
best-in-class sequence from I-SPY2. An agent graduates if the prob-
ability that the estimated pCR rate of the sequence is superior to the 
dynamic control is greater than or equal to 85% in any given clinical 
signature (subtype).

Both efficacy analyses are modified ITT analyses where all par-
ticipants receiving on-study therapy are considered evaluable. Par-
ticipants who withdrew before surgery or receive nonprotocol therapy 
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before surgery are classified as non-pCR, and their block of exit is clas-
sified as the last block of on-study therapy they received.

Efficacy assessment begins after 20 patients have been enrolled 
onto an arm; pCR rates are monitored by the Data Safety Monitoring 
Board as enrollment accumulates. For agents open to HER2− (or HER2+) 
patients, a maximum sample size of 100 was preset based on simula-
tions of the trial operating characteristics for the efficacy analysis of 
block A alone. An arm exits the trial upon reaching maximum accrual. 
However, as in I-SPY2, if the graduation threshold in the efficacy analy-
sis across all blocks is reached within at least one subtype before maxi-
mum accrual, the arm is a candidate for exiting the trial early.

Eligibility
I-SPY2.2 is open to women and men aged ≥18 years with anatomic stage 
II or III breast cancer whose primary tumors are ≥2.5 cm by clinical 
examination or ≥2.0 cm by imaging. Participants must have an Eastern 
Cooperative Oncology Group performance status 0 or 1 (ref. 25). Those 
with MammaPrint low-risk HR+, HER2− were excluded from participa-
tion due to their low risk of recurrence26. All participants signed written 
informed consent before screening and again after randomization; 
no compensation was provided for participation in the study. Only 
HER2− participants were eligible for randomization to the Dato-DXd 
arm. Additional eligibility criteria are available in the study protocol.

Trial oversight
I-SPY2.2 was designed and conducted by I-SPY Consortium members, 
patient advocates and investigators. AstraZeneca provided funds and 
study drugs (Dato-DXd) but played no role in the study design, collection/
analysis of data or in manuscript preparation. Pembrolizumab was pur-
chased for HR+ patients who were classified as having the immune subtype. 
The study was approved by Wake Forest School of Medicine, who acted 
as the central institutional review board (IRB) and a Data Safety Monitor-
ing Board met monthly to review patient safety and study progress. The 
I-SPY2.2 trial complies with all local and national regulations regarding the 
use of human study participants and was conducted in accordance to the 
criteria set by the Declaration of Helsinki. The authors of this manuscript 
vouch for the accuracy and completeness of the data reported.

Treatments
Participants in the DATO arm received intravenous 6 mg kg−1 Dato-DXd 
(D) on day 1 of each 3 week cycle for up to four cycles in block A.

Participants in block B were prescribed one of three 12 week regi-
mens depending on their RPS classification: paclitaxel (T) only (for 
HR+Immune−DRD−), paclitaxel (T) plus concurrent carboplatin (C) (for 
HER2−Immune−DRD+), or concurrent pembrolizumab (Pe), paclitaxel 
and carboplatin (for HR−HER2−Immune−DRD−, HER2−Immune+ and 
HER2−Immune−DRD+). Pembrolizumab was administered intravenously 
at 200 mg every 3 weeks for four cycles. The target dose of intrave-
nous carboplatin was 1.5 weekly (area under the curve). Paclitaxel was 
administered intravenously at 80 mg m−2 weekly for 12 weeks. For the 
first paclitaxel infusion, 20 mg dexamethasone was administered; 
if no infusion reaction was noted, dexamethasone was reduced to 
10 mg then discontinued if no further reactions occurred. The order 
of administration in block B was pembrolizumab, then paclitaxel and 
then carboplatin. All participants reaching block C were prescribed 
four cycles of 60 mg m−2 intravenous doxorubicin (A) and 600 mg m−2 
cyclophosphamide (C), administered every 2 or 3 weeks (dose dense 
or standard AC). For certain subtypes, block C therapy also included 
four cycles of 200 mg intravenous pembrolizumab every 3 weeks over 
a total of 12 weeks (Supplementary Table 5).

This created the following sequences of treatment adminis-
tered by RPS: D/T/AC in HR+HER2−Immune−DRD−; D/TCPe/ACPe in 
HR−HER2−Immune−DRD−; D/TCPe/ACPe in HER2−Immune+; and D/TCPe/
ACPe and D/TC/ACPe in HER2−Immune−DRD+. The HER2−Immune−DRD+ 
subtype was small, and several patients randomized to TC in block 

B received Pe off study protocol. The efficacy of both strategies (D/
TCPe/ACPe and D/TC/ACPe) are presented for completeness in Sup-
plementary Table 2, but only the D/TCPe/ACPe strategy is shown in 
Fig. 4 and considered in additional analyses (for example, timing of pCR 
and RCB class distribution). Of note, the above RPS-based treatment 
assignments result in 49/50 HR−HER2− patients (across RPS) receiving 
treatments consistent with strategy D/TCPe/ACPe (enabling efficacy 
evaluation of across all blocks for this subtype).

Dose reductions and toxicity management were specified in the 
protocol. Adverse events were collected according to the NCI CTCAE 
version 5.0.

Following completion of neoadjuvant therapy, definitive sur-
gery by lumpectomy or mastectomy was performed at the discre-
tion of the treating surgeon. Sentinel node dissection was allowed in 
node-negative patients, with axillary node dissection in node-positive 
patients according to National Comprehensive Cancer Network (NCCN) 
and local practice guidelines27. Adjuvant treatment was not mandated 
by the trial and was left to the discretion of the treating oncologist.

Assessments
Specimens. Sixteen-gauge core needle biopsies from the primary 
tumor were collected at screening and at the completion of block A 
and block B (when applicable) and prepared according to standard 
I-SPY methods28; surgical specimens were prepared in similar fashion. 
Whole blood for plasma and buffy coat aliquots were collected (when 
applicable) at screening (baseline), and 3, 6 and 12 weeks following the 
start of treatment in each of blocks A and B, and again before surgery. 
All unused portions of specimens are banked for future research.

Serial MRI. MRI were performed at screening (baseline), after 3, 6 and 
12 weeks of treatment in each of blocks A and B (when applicable), and 
before surgery. Another MRI at the discretion of the treating physician 
could be scheduled at 6 weeks following start of clock C treatment. For 
each contrast-enhanced examination, FTV and change in FTV from 
baseline (ΔFTV) were calculated using previous published methods18.

MammaPrint. MammaPrint classification was used for eligibility 
assessment and in subtype classification. Using baseline specimens, 
participants were classified as MammaPrint (Agendia) high risk (MP1) 
or MammaPrint ultrahigh risk (MP2), using a predefined threshold 
applied to the 70-gene risk score evaluated on Agilent 44K arrays26,29. 
The threshold used is equivalent to the median cut point of I-SPY1 
participants (−0.154 in the original I-SPY1 dataset) who fit the eligibil-
ity criteria for I-SPY2.

RPS assignment. RPS are defined by combining clinical biomarkers: HR 
status and HER2 status and classifications from three expression-based 
signatures computed from Agilent arrays (Agendia): BluePrint, ImPrint 
and RePrint. Participants were classified using the 80-gene molecular 
subtyping test BluePrint into luminal versus basal or HER2 subtypes5. 
The ImPrint signature was developed based on data from the I-SPY2 trial 
as a predictive biomarker of immunotherapy response as previously 
described5 and used to classify patients into Immune+ (that is, predicted 
sensitive) versus Immune− (that is, predicted insensitive) subsets. The 
60-gene RePrint signature, also developed from I-SPY2 trial data to 
predict sensitivity to DRD targeting agents, was used to classify patients 
into DRD+ (that is, predicted sensitive) versus DRD− (that is, predicted 
insensitive) subsets. These five biomarkers are combined to form six 
phenotypic RPS with differential responsiveness to previously evalu-
ated I-SPY2 agents: HR+HER2−Immune−DRD−, HR−HER2−Immune−DRD−, 
HER2−Immune+, HER2−Immune−DRD+, HER2+nonluminal, HER2+luminal.

Adverse events—adrenal insufficiency adjudication. Reported 
adverse events were adjudicated and validated by the I-SPY2 safety 
chairs (H.S.R. and R.N.) in collaboration with Quantum Leap Healthcare 
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Collaborative. Immune-related adverse events were validated and 
adjudicated using published guidelines with confirmation of adrenal 
insufficiency by two independent endocrinologists30,31.

Return of results
The central IRB chair set up a process whereby results of investigational 
diagnostics (conducted under an investigational device exemption) 
were able to be shared with patients. The IRB reviews and approves the 
proposed test results to share and the patient friendly report in which the 
information is returned. Return of results are used for reporting infor-
mation to patients that affect their care. This includes the RPS used for 
randomization, the MRI FTV and the recommendations for continuing 
treatment or escalating to the next block of therapy and at 6 weeks, as 
well as the pre-RCB report and recommendation for whether they have 
met the threshold for having a high probability of having a compete 
response, triggering a recommendation to proceed to surgical resection 
or, if not meeting criteria, to continue on to the next block of therapy.

Statistical analysis
Efficacy assessment of block A alone. For each block A agent, we 
leveraged existing I-SPY2 statistical methodologies to model the pos-
terior distribution of pCR rates after block A within each signature (for 
comparison against a fixed pCR rate threshold) as described below.

The Bayesian model used has two main components: (1) a core 
covariate-adjusted Bayesian logistic regression and (2) an MRI impu-
tation model.

The core logistic regression model. Probability distributions of pCR rates 
are estimated using a Bayesian covariate-adjusted logistic model with 
marker statuses (HR, HER2, Immune, BluePrint luminal and DRD) as 
covariates for each eligible signature.

Let yi ∈ {0, 1}  be the indicator for the pCR response of patient 
i(i = 1,… ,N) at block A. Covariates x1i, x2i, x3i, x4i, x5i ∈ {0, 1} represent the 
HR, HER2, Immune, DRD and BluePrint statuses of patient i (with 1 
indicating positive and 0 negative for HR, HER2, Immune and DRD, and 
‘HER2orBasal’ and ‘Luminal’ for BluePrint). Label Ai is the treatment 
arm assigned to patient i. The full model is

yi ∼ Bernoulli(pi)

logit(pi) = β0 + β1x1i + β2x2i + β3x3i + +β4x4i + β5x5i + θAi + γ1,Ai x1i
+ γ2,Ai x2i + γ3,Ai x3i + γ4,Ai x4i + γ5,Ai x5i

The model’s components are as follows:

•	 The β1x1i + β2x2i + β3x3i + β4x4 + β5x5 terms capture the effect of 
being in a particular subgroup defined by (HR, HER2, Immune, 
DRD BluePrint) status.

•	 The γ1,Ai x1i, γ2,Ai x2i, γ3,Ai x3i, γ4,Ai x4iγ5,Ai x5i terms are the treatment 
effects within each of the (HR, HER2, Immune, DRD and 
BluePrint) subgroups.

•	 We set θ0 = γ1, 0 = γ2,0 = γ3,0 = γ4,0 = γ5,0 = 0 to ensure parameter 
identifiability.

•	 The θAi term represents the effect of being on a particular 
treatment arm for all patients.

In addition to the core logistic regression structure of the above 
terms, we include imputation of the pCR status based on longitudinal 
MRI data over time. The MRI imputation component of the model is 
described below.

MRI imputation model. If all the pCR data yi were available, then this 
is a standard Bayesian logistic regression model that may be fit using 
Markov chain Monte Carlo methods. When pCR data for some patients 
are not available, we use imputation based on the patients for whom pCR 

status is known. Of note, patients who did not go to surgery at the end of 
block A but had a positive 12 week biopsy or did not achieve a pCR at later 
treatment blocks are considered non-pCR (not missing) for analysis. We 
then use the imputed values in the logistic regression model.

For modeling missing pCR, we employ a simple imputation model 
that exploit MRI tumor volume measurements during treatment. We fit 
this separate imputation logistic regression model as described below 
to assess the probability of achieving pCR based on the available MRI 
information. The imputation model is used for modeling missing pCR 
results, while the previous model describes the modeling of the likeli-
hood of pCR given baseline factors and treatment arm.

Define S0, S1, S2 and S3 to be the tumor volumes at baseline, 3 weeks, 
6 weeks and 12 weeks. Then, the tumor volume reduction at visit k is 
rk =

(Sk−S0)
S0

 for k = 1, 2, 3.
Negative values of rk correspond to a decrease in tumor volume, 

with rk = −1.0 indicating that the tumor is not detectable by MRI at visit 
k. To formulate a multiple imputation model for pCR status in cases 
where pCR is not available, we discretize the range of rk values into 
categories, for mk = 1, …, 13. The mapping between rk and mk is provided 
in Supplementary Table 7.

For each time point k = 1, 2, 3, we use data from all patients for 
whom both the pCR response and MRI assessment rk are available, 
and we fit this model:

logit(πk,i) = αk,mi

where αk,mi is the parameter corresponding to the category mi, where 
mi = 1, …, 13 (Supplementary Table 7), for patient i at time k. We impose 
the monotonicity constraint αk,l ≤ αk,n for l < n to reflect the condition 
that greater tumor reduction cannot be less likely to lead to a pCR.

At each Markov chain Monte Carlo iteration, if the pCR status for 
patient j is missing, a mixture distribution is formed with the predicted 
probability of pCR (πK, j), where K is the latest time point for which we 
have a tumor volume measurement for patient j.

Distribution of molecular tumor subclasses. The population incidence 
rates across the 32 disease subclasses defined by HR, HER2, Immune, 
DRD and BluePrint are modeled as a categorical distribution (that is, 
multinomial distribution with 32 outcomes) over the subtypes indexed 
by {1, 2,…, 32}, with Pr(C = c) = ϕc. We use a Dirichlet prior

(ϕ1,ϕ2,… ,ϕ32) ∼ Dirichlet (0.1,0.1,… ,0.1),

which results in a posterior distribution

(ϕ1,ϕ2,… ,ϕ32)|Data ∼ Dirichlet (n1 + 0.1,n2 + 0.1,… ,n32 + 0.1)

where nc is the number of patients observed in subclass c.

pCR modeling for signatures. The posterior distribution of the pCR rate 
for signatures is created from the pCR rates by subtypes contained in 
each signature and weighted by the prevalence parameters as follows.

Let πC (D) be the probability of pCR for treatment arm a in disease 
subclass C. If C represents (x1, x2, x3, x4, x5), where xi ∈ {0,1} for the (HR, 
HER2, Immune, DRD and BluePrint) value, then

logit(πC(a)) = β0 + β1x1 + β2x2 + β3x3 + β4x4 + β5x5 + θa

+ γ1,ax1 + γ2,ax2 + γ3,ax3a + γ4,ax4 + γ5,ax5a

Let PS (a) be the probability of pCR for treatment arm a for signa-
ture S. Then

PS(a) =
∑C∈SπC(a)ϕC

∑C∈SϕC

(the notation C ∈ S means subclass C is included in signature S).
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Prior distributions. Prior distributions for coefficients in the core logis-
tic model are taken as normally distributed with s.d. of 1. Prior means 
for the treatment effects coefficients are assumed to be 0. Prior means 
for the marker coefficients in the core logistic model and for the MRI 
imputation coefficients were obtained using the set of n = 1,818 I-SPY2 
patients with full pCR. Since only the 3 and 12 week MRI were collected 
in I-SPY2, the 6 week MRI imputation mean was linearly interpolated. 
The distribution of coefficients for each MRI time point was taken as 
an ordered normal distribution with s.d. of 0.2.

Efficacy assessment of block A agent in the context of a treatment 
strategy (across all blocks). Efficacy assessment after block A alone 
is myopic in that it does not consider the performance of the block A 
regimen as part of a treatment strategy. For instance, a block A agent 
may potentiate the effect of a block B agent to give a highly effective 
treatment strategy, even though it did not meet our threshold for suc-
cess based on the efficacy assessment of block A alone. Thus, we will also 
evaluate efficacy of block A agents in the context of a treatment strategy.

The efficacy analysis of treatment strategies (across all blocks) 
uses pCR data and timing of surgery (for example, after block A, B or 
C) to estimate the pCR rate. A treatment strategy (a, b, c) is a ‘path’: 
administer treatment a at block A, if the participant proceeds to block 
B, then administer treatment b, and if the participant proceeds to block 
C, administer treatment c. There are three ways a participant can be 
consistent with this treatment strategy: (1) if they receive a at block A and 
went to surgery after block A, (2) if they receive a at block A and then b at 
block B and went to surgery after block B and (3) if they receive a, b and 
c at their respective blocks. The pCR rate of a treatment strategy is esti-
mated using a combination of five Bayesian models (described below) 
from data of patients whose treatment is consistent with the strategy.

Bayesian model for pCR rate of strategy. As treatment options are 
subtype specific and we expect pCR rates to depend on the subtype, 
we independently conduct this algorithm for each subtype. We 
describe it in general below. Analysis is performed only for five of the 
six prespecified signatures (each RPS and HR−HER2−), as HR+HER2− 
patients did not share any common block B treatment option across 
response-predictive subtypes.

Let RA be the indicator the subject elects to receive surgery at 
block A; similarly define RB for block B. Next, let YA be the indicator 
that a subject has a pCR at block A given they went to surgery; similarly 
define YB and YC. Let A = a and B = b indicate treatments at blocks A and 
B, respectively.

Consider the following probabilities:

θA(a) = P(RA = 1 ∣ A = a)

πA(a) = P(YA = 1 ∣ A = a,RA = 1)

θB(a,b) = P(RB = 1 ∣ A = a,RA = 0,B = b)

πB(a,b) = P(YB = 1 ∣ A = a,RA = 0,B = b,RB = 1)

πC(a,b, c) = P(YC = 1|A = a,RA = 0,B = b,RB = 0,C = c)

Using these probabilities, we define the probability of a pCR in the 
trial given treatment strategy (a, b, c) as

μ(a,b, c) = θA(a)πA(a) + {1 − θA(a)}θB(a,b)πB(a,b)

+ {1 − θA(a)}{1 − θB(a,b)}πC(a,b, c).

This posterior distribution is based on the posterior distributions 
of θA(a), πA(a), θB(a, b), πB(a, b) and πC(a, b, c). For each of these, we 
assume beta (0.5, 0.5) prior distributions and update the posteriors 

with the observed data. For example, if 50 people have been assigned 
treatment A = a and 35 of those people have RA = 1, then the posterior 
for θA(a)|Data ∼ Beta(0.5 + 35,0.5 + 50 − 35).

Of note, different sets of patients contribute to each of the five 
Bayesian models: participants who receive a at block A contribute to 
estimation of θA (a) and those participants who also proceeded to sur-
gery at block A contribute to estimating πA (a). Similarly, participants 
who receive a at block A and b at block B informs θB(a, b) and those 
who also proceed to surgery at block B contribute to estimating πB(a, 
b). Participants who receive a at block A, b at block B and c at block C 
contribute to the estimation of πC(a, b, c).

Efficacy analysis of block A alone was performed using R and 
STAN via the RSTAN package, which implements the NUTS sampler. 
Efficacy analysis of treatment strategy was performed using R via the 
stats package.

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

Data availability
De-identified subject level data and/or clinical specimens are made 
available to members of the research community upon approval of 
the I-SPY Data Access and Publications Committee. Details of the 
application and review process are available at https://www.quan-
tumleaphealth.org/for-investigators/clinicians-proposal-submission
s/. I-SPY aims to make complete patient-level clinical datasets available 
for public access within 6 months of publication, as the data is complex 
and requires extensive annotation to ensure its usability.

Code availability
The statistical code used in this clinical trial is available to other inves-
tigators for approved research purposes. Investigators interested in 
accessing the code complete an application at https://www.quantum-
leaphealth.org/for-investigators/clinicians-proposal-submissions/ 
and include a brief description of the intended use. Access to the code 
will be granted upon approval of the request, subject to compliance 
with ethical guidelines and applicable institutional and regulatory 
requirements.
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