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Abstract

IMPORTANCE There has been little consideration of genomic risk of recurrence by breast cancer
subtype despite evidence of racial disparities in breast cancer outcomes.

OBJECTIVE To evaluate associations between clinical trial end points, namely pathologic complete
response (pCR) and distant recurrence-free survival (DRFS), and race and examine whether gene
expression signatures are associated with outcomes by race.

DESIGN, SETTING, AND PARTICIPANTS This retrospective cohort study used data from the
Investigation of Serial Studies to Predict Your Therapeutic Response With Imaging and Molecular
Analysis 2 (I-SPY 2) multicenter clinical trial of neoadjuvant chemotherapy with novel agents and
combinations for patients with previously untreated stage II/Ill breast cancer. Analyses were

conducted of associations between race and short- and long-term outcomes, overall and by receptor

subtypes, and their association with 28 expression biomarkers. The trial enrolled 990 female
patients between March 30, 2010, and November 5, 2016, with a primary tumor size of 2.5 cm or

greater and clinical or molecular high risk based on MammaPrint or hormone receptor (HR)-negative/

ERBB2 (formerly HER2 or HER2/neu)-positive subtyping across 9 arms. This data analysis was
performed between June 10, 2021, and October 20, 2022.

EXPOSURE Race, tumor receptor subtypes, and genomic biomarker expression of early

breast cancer.

MAIN OUTCOMES AND MEASURES The primary outcomes were pCR and DRFS assessed by race,
overall, and by tumor subtype using logistic regression and Cox proportional hazards regression
models. The interaction between 28 expression biomarkers and race, considering pCR and DRFS
overall and within subtypes, was also evaluated.

RESULTS The analytic sample included 974 participants (excluding 16 self-reporting as American
Indian or Alaska Native, Native Hawaiian or Other Pacific Islander, or multiple races due to small
sample sizes), including 68 Asian (7%), 120 Black (12%), and 786 White (81%) patients. Median

(range) age at diagnosis was 47 (25-71) years for Asian, 49 (25-77) for Black, and 49 (23-73) years for

White patients. The pCR rates were 32% (n = 22) for Asian, 30% for Black (n = 36), and 32% for
White (n = 255) patients (P = .87). Black patients with HR-positive/ERBB2-negative tumors not
achieving pCR had significantly worse DRFS than their White counterparts (hazard ratio, 2.28; 95%

Cl, 1.24-4.21; P = .01), with 5-year DRFS rates of 55% (n = 32) and 77% (n = 247), respectively. Black

patients with HR-positive/ERBB2-negative tumors, compared with White patients, had higher
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Key Points

Question Are racial disparities
observed in pathologic complete
response (pCR) and distant recurrence-
free survival (DRFS) in a trial of
neoadjuvant chemotherapy (NACT) for
patients with breast cancer at high risk

of early recurrence?

Findings In a cohort study of 974 NACT
trial patients, no significant differences
in pCR or DRFS rates were found among
Asian, Black, and White women. Black
women with hormone receptor (HR)-
positive/ERBB2 (formerly HER2 or HER2/
neu)-negative tumors without pCR had
a higher recurrence risk than their White
counterparts.

Meaning These findings suggest that
although there is a survival benefit to
achieving pCR after NACT across all
races, Black women with HR-positive,
molecularly high-risk tumors, in the
absence of pCR, may fare worse,
underscoring the need to better
understand heterogeneity in diverse
populations.
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Abstract (continued)

expression of an interferon signature (mean [SD], 0.39 [0.87] and -0.10 [0.99]; P = .007) and,
compared with Asian patients, had a higher mitotic score (mean [SD], 0.07 [1.08] and -0.69 [1.06];
P =.01) and lower estrogen receptor/progesterone receptor signature (mean [SD], 0.31[0.90] and
1.08 [0.95]; P = .008). A transforming growth factor B signature had a significant association with
race relative to pCR and DRFS, with a higher signature associated with lower pCR and worse DRFS
outcomes among Black patients only.

CONCLUSIONS AND RELEVANCE The findings show that women with early high-risk breast cancer
who achieve pCR have similarly good outcomes regardless of race, but Black women with
HR-positive/ERBB2-negative tumors without pCR may have worse DRFS than White women,
highlighting the need to develop and test novel biomarker-informed therapies in diverse populations.

JAMA Network Open. 2023;6(12):€2349646.doi:10.1001/jamanetworkopen.2023.49646

Introduction

Despite advances in breast cancer treatment with the evolution of immunotherapy and precision
oncology, their benefits have not been shared equally. Racial disparities in breast cancer mortality
remain a persistent challenge. Black women experience a 40% higher mortality rate than White
women.' Such disparities in mortality and clinical outcomes have been attributed to both
socioeconomic and genetic risk factors, including limited access to screening and treatment, more
advanced-stage breast cancers at the time of diagnosis, and aggressive tumor subtypes observed
more often in Black women.?” Despite efforts to identify contributing factors, studies of racial
disparities in the clinical trial setting with eyes on differences in tumor biology are limited.®°

The Investigation of Serial Studies to Predict Your Therapeutic Response With Imaging and
Molecular Analysis 2 (I-SPY 2) trial is a biomarker-rich, neoadjuvant, adaptively randomized,
multicenter, phase 2 platform trial designed for the treatment of locally advanced breast cancer.'®
Women enrolled in the trial have clinically hormone receptor (HR)-negative/ERBB2 (formerly HER2
or HER2/neu)-positive or genomically (based on molecular subtyping) high-risk breast cancers and
are adaptively randomized to different treatment arms based on their tumor subtype. Notably, this
trial currently has 26 active sites across the US with approximately 12% of women enrolled
identifying as Black or African American. To further investigate racial disparities in treatment
outcomes and their potential causes, we performed a comparative analysis of clinical trial outcomes
(pathologic complete response [pCR] and distant recurrence-free survival [DRFS]) by race and
assessed differences in gene expression signatures among racial groups and their interactions with
outcomes.

Methods

Study Design

We performed a retrospective cohort analysis of clinical outcomes data by race in the I-SPY 2 trial.
The I-SPY 2 uses adaptive randomization to assign patients to control or experimental arms (1:4)
based on molecular subtype, as described in prior work.™? Molecular subtypes were defined by HR
status, ERBB2 status, and risk of recurrence based on a 70-gene assay (MammaPrint; Agendia).
Control arm participants received 12 cycles of paclitaxel (in combination with trastuzumab for those
with ERBB2-positive tumors), followed by 4 cycles of doxorubicin and cyclophosphamide.
Experimental arm participants received 1of 9 experimental agents (neratinib,” veliparib and
carboplatin,' trebananib, ganitumab,'* MK-2206," pertuzumab,'® TDM-1and pertuzumab,'®
ganetespib,”” or a PD-1inhibitor'®) in addition to paclitaxel. The primary end point of I-SPY 2 was pCR,
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defined by the absence of invasive disease in breast and axillary nodes (ypTO/is, ypNO) at the time of
surgery. Secondary I-SPY 2 end points were residual cancer burden, event-free survival, and 5-year
DRFS. The DRFS was calculated as the time from treatment consent to distant recurrence or death of
any cause; patients without events are censored at last known follow-up. All I-SPY 2 participants
eligible for analysis had previously signed informed consent for research use of data and specimens.
I-SPY 2 was approved by the institutional review boards of all 22 participating sites. The current
analysis was approved by the I-SPY 2 Data Access and Publication Committee. This study followed
the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) reporting
guideline.”®

Participants

The I-SPY 2 cohort consists of 990 women aged 18 years or older with high-risk clinical stage Il or lll
breast cancer and a tumor size of 2.5 cm or larger in diameter who were enrolled between March 30,
2010, and November 5, 2016, at 1 of the 22 clinical sites.?°-?' Race was self-reported, as collected
from case report forms, as American Indian or Alaska Native, Asian, Black, Native Hawaiian or Other
Pacific Islander, White, or multiple races. Racial groups with fewer than 10 patients (American Indian
or Alaska Native, Native Hawaiian or Other Pacific Islander, and multiple races) were excluded from
the analysis. Ethnicity was self-reported as Hispanic or Latino or as not Hispanic or Latino. The
present analysis was limited to Asian, Black, and White participants due to the small number of
individuals within the other racial groups.

Gene Expression Analysis

An exploratory, hypothesis-generating analysis was conducted using 28 previously published gene
expression biomarkers, including 15 immune cell type-related signatures, 7immune signaling-related
signatures, 1 proliferation signature, estrogen receptor (ER)/progesterone receptor (PR) and ERBB2
signatures, and mRNA expression of single genes CD274 (PD-L1), CD279 (PD-1), and CD68
(macrophage marker) (eTable 1in Supplement 1). Signature scores were computed from platform-
corrected normalized gene expression data obtained from the National Center for Biotechnology
Information Gene Expression Omnibus (GSE194040).2! Their association and interaction with race
in relation to pCR and DRFS was assessed.

Statistical Analysis

This data analysis was performed between June 10, 2021, and October 20, 2022. Patient baseline
clinical characteristics and demographics were compared using a x? test for categorical variables and
analysis of variance for continuous variables. Logistic regression with significance assessment by the
likelihood ratio test was used to assess the association between race and pCR overall and within
receptor subtypes. A Cox proportional hazards regression model was used to estimate the hazard
ratios and 95% Cls among racial groups (White as reference) overall, within pCR vs non-pCR subsets,
and within tumor subtypes by pCR status; significance was assessed using the Wald test. Five-year
DRFS among racial groups stratified by pCR status and subtype was estimated using the Kaplan-
Meier method. We did not adjust for multiplicities in our analyses within subsets defined by receptor
status and pCR. The association between racial groups and expression of 28 gene signatures (related
to immune cells, proliferation markers, ER, and ERBB2 expression) was analyzed using analysis of
variance with post hoc Tukey test (using the Tukey-Cramer variation that incorporates adjustments
for uneven group sizes) in the overall population and in each receptor subtype without adjustment
for multiple hypothesis testing. A 2-sided P < .05 was considered statistically significant. Additionally,
the interaction between these signatures (dichotomized into the top one-third vs lower two-thirds
expression groups) and race in association with pCR and DRFS was assessed using logistic regression
and Cox proportional hazards regression models, respectively, with significance assessment using
the likelihood ratio test. Analysis was performed using R, version 4.0.2 software (R Project for
Statistical Computing).
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Results

Patient Population

Of the 990 patients in the cohort, 974 were included in the association analysis of the primary end
point pCR, with 68 (7%) identifying as Asian, 120 (12%) as Black, and 786 (81%) as White (Figure 1).
The median age at diagnosis was similar across racial groups (Asian patients: 47 years [range, 25-71
years]; Black patients: 49 [range, 25-77] years; White patients: 49 years [range, 23-73 years]). The 16
excluded patients were from racial groups with fewer than 10 identified patients. When we
compared patient race vs ethnicity, 118 Black patients (98%) identified as non-Hispanic, and 669
White patients (85%) identified as non-Hispanic. No statistically significant differences were
observed in patient or tumor characteristics (clinical T and N stage, receptor subtype, and BluePrint
molecular subtype) among racial groups (Table 1).

Clinical Outcomes by Race

Of 974 patients, 313 (32%) achieved pCR. The pCR rate was, 32% for Asian (n = 22), 30% for Black
(n =36), and 32% for White (n = 255) patients (P = .87) (Table 2). We found no association between
race and pCR among any of the receptor subtypes (Table 2). As of October 28, 2021, follow-up data
were available for 928 patients (Figure 1). There were 177 DRFS events, and median follow-up was 5.0
years (range, 0.0-10.2 years). There was no significant difference in DRFS among racial groups, with
a hazard ratio of 1.37 (95% Cl, 0.90-2.06) and 1.06 (95% Cl, 0.60-1.88) between Black and Asian
patients, respectively, relative to White patients (Figure 2A). No significant DRFS differences were
observed among racial groups within patient subsets stratified by pCR status (Figure 2B and C).
Within receptor subtype, we observed a significant difference in DRFS by race (hazard ratio, 2.28;
95% Cl, 1.24-4.21; P = .01), where White patients with HR-positive/ERBB2-negative tumors who did
not achieve pCR had a 77% 5-year DRFS rate (n = 247) compared with 55% (n = 32) for similar Black
patients (Figure 2D; eTable 2 in Supplement 1). No other significant differences in DRFS by racial
groups were observed in subgroup analyses among the other tumor receptor subtypes (including
triple-negative breast cancer) by pCR status (eTable 2 and eFigure 1in Supplement 1).

Gene Expression Signatures by Race

Among the 28 expression signatures evaluated, 4 were differentially expressed among racial groups
within the overall population (F test P < .05): interferon (IFN) module,?2 B-cell signature,?* dendritic
cell signature,?® and mitotic score®* (eTable 3 in Supplement 2). Among patients with HR-positive/
ERBB2-negative tumors, 3 signatures (IFN module, mitotic score, and ER/PR module) were
differentially expressed among the racial groups (Figure 3A-C; eTable 3 in Supplement 2). Black
patients, compared with White patients, had significantly higher expression of the IFN module
signature (mean [SD], 0.39 [0.87] and -0.10 [0.99]; P = .007); Black patients had a significantly
higher expression of mitotic score signature (mean [SD], 0.07 [1.08] and -0.69 [1.06]; P = .01) and a

Figure 1. Study Flow Diagram

990 Patients enrolled across 10 regimens
in 1-SPY 2 (2010-2016)

16 Self-identified as a racial group <10 patients
7 Multiple races
5 American Indian or Alaska Native
4 Native Hawaiian or Pacific Islander

‘ 974 Included in pCR analysis ‘

DRFS indicates distant recurrence-free survival; I-SPY
2, Investigation of Serial Studies to Predict Your
Therapeutic Response With Imaging and Molecular
Analysis 2; pCR, pathologic complete response.

| 46 Without follow-up data ‘

‘ 928 Included in DRFS analysis ‘
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lower expression of ER/PR module signature (mean [SD], 0.31[0.90] and 1.08 [0.95]; P = .008) than
Asian patients. While higher expression levels of both IFN module and mitotic score signatures were
not associated with worse survival outcomes among patients with HR-positive/ERBB2-negative
tumors (eFigure 2 in Supplement 1), higher expression of the ER/PR module signature was associated
with better survival outcomes (hazard ratio, 0.77; 0.60-0.98; P = .03). Among the 28 signatures,
only the transforming growth factor B (TGF-B) signature® had a significant interaction with race
relative to pCR (ratio of ORs associated with TGF-[3 expression between Black and White patients,
0.32; 95% Cl, 0.11-0.84; P = .04) and DRFS outcomes (ratio of HRs, 2.73; 95% Cl, 1.16-6.41; P = .02)
when we dichotomized the population by expression of the TGF-f3 signature (top one-third vs lower
two-thirds) (eTable 4 in Supplement 2). While higher or lower expression of TGF- was not associated
with pCR or DRFS outcomes in White and Asian patients, Black patients with a higher TGF- signature
had significantly worse pCR and DRFS outcomes (pCR rate, 7 of 43 vs 29 of 77 [x? P = .02]; high
relative to low group: HR, 3.22 [95% Cl, 1.47-7.04; log-rank P = .002]) (eFigure 2 in Supplement 1).

Table 1. Patient Demographics

No. (%)
Asian patients Black patients White patients
Characteristic (n =68) (n=120) (n =786) P value®
Ethnicity
Hispanic or Latino 1(1) 2(2) 117 (15)
Not Hispanic or Latino 67 (99) 118 (98) 669 (85) <001
Age, median (range), y 47 (25-71) 49 (25-77) 49 (23-73) 87
Menopausal status
Peri or pre 41 (60) 63 (53) 450 (57)
Post 25(37) 47 (39) 305 (39) .81
Unknown 2(3) 10 (8) 31(4)
Long_esttumordiameter by MRI, 3.5(0.4-9.5) 3.7 (1.3-16) 3.7 (0.8-15) 37
median (range), cm
Clinical T stage
T2 50 (74) 72 (60) 518 (66)
T3/4 15 (22) 40(33) 238(30) .22
Unknown 3(4) 8(7) 30 (4)
Clinical N status
LN-negative 37 (54) 46 (38) 361 (46)
LN-positive 27 (40) 64 (53) 384 (49) 12
Unknown 4 (6) 10 (8) 41 (5)
Receptor subtype
HR-positive/ERBB2-negative 21 (31) 44 (37) 310(39)
HR-negative/ERBB2-negative 26 (38) 51 (43) 281 (36)
HR-positive/ERBB2-positive 10 (15) 12 (10) 132 (17) 09
HR-negative/ERBB2-positive 11 (16) 13(11) 63 (8)
BluePrint molecular subtype
Luminal 22 (32) 33(28) 266 (34)
Basal 30 (44) 69 (58) 382 (49) o
T LD D map ol MR gt resonans SaEnE SR,
Unknown 1) 2(2) 6(D) pathologic complete response.
pCR 22 (32) 36 (30) 255(32) 87 2 Pvalue from ¥ test for categorical variables and F
Non-pCR® 46 (68) 84 (70) 531(68) test for continuous variables; unknown values were
Residual cancer burden class excluded.
0 22 (32) 36 (30) 261 (33) ® Includes a small number of patients with T1tumors
1 7 (10) 19(16) 107 (14) who met eligibility criteria by MRI.
2 25(37) 42 (35) 265 (34) 88 ¢ Patients who did not undergo surgery, left their
3 11(16) 14 (12) 120 (15) treating institution, or received nonprotocol therapy
Onknown 34) 9(8) 33 (4) were considered not to have achieved pCR per
protocol.
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Discussion

In this retrospective cohort study, we compared clinical outcomes in the I-SPY 2 trial across patient
racial groups among women with clinically (ERBB2-positive or HR-negative) or genomically (based on
MammaPrint molecular subtyping) high-risk breast cancer. Our findings suggest that there is no
association between race and pCR when patients have early access to clinical trials. Consistent with
findings that pCR is strongly associated with event-free survival and DRFS,2° our analysis supports
that women with high-risk breast cancers who receive biomarker-informed neoadjuvant
chemotherapy (NACT) and achieve pCR may experience a survival benefit independent of their self-
identified race.

Residual Disease in HR-Positive/ERBB2-Negative Subtypes and Differences in DRFS
by Race
Strikingly, we found that among women who did not achieve pCR, statistically significant differences
in DRFS were observed only among women with HR-positive/ERBB2-negative tumors. Within this
subtype, Black women experience more than double the risk of recurrence compared with White
women. This finding supports the growing literature on racial disparities in breast cancer outcomes,
particularly among women with HR-positive/ERBB2-negative tumors, and warrants further
investigation into the heterogeneity in the biology within this receptor subtype to elucidate this
disparity.>632 Recent results from a 690-patient, single-institution study at The University of
Chicago, replicated in the larger National Cancer Database, suggested that tumor grade may be the
factor accounting most for racial disparities in overall survival among women with HR-positive/
ERBB2-negative tumors.333* These findings align with our observations of racial disparities in
survival among women with high-risk HR-positive/ERBB2-negative tumors. Interestingly, despite
that Black women have higher rates of tiple-negative breast cancer,? we did not observe significant
racial disparities in outcomes within this subtype of nonresponders.

With the advent of breast cancer molecular subtyping, treatment guidance regarding who may
benefit from chemotherapy has evolved.>>37 Several studies have assessed racial disparities in

Table 2. Clinical Outcomes by Race and Receptor Status

No. (%)

Receptor status No. of patients ~ pCR No pCR P value
All

Asian 68 22 (32) 46 (68)

Black 120 36 (30) 84 (70) .87

White 786 255(32) 531(68)
HR-positive/ERBB2-negative

Asian 21 2 (10) 19 (90)

Black 44 9 (20) 35(80) .52

White 310 51 (16) 259 (84)
HR-negative/ERBB2-negative

Asian 26 11 (42) 15 (58)

Black 51 16 (31) 35(69) 48

White 281 112 (40) 169 (60)
HR-positive/ERBB2-positive

Asian 10 4 (40) 6 (60)

Black 12 3(25) 9 (75) .65

White 132 50 (38) 82 (62)
HR-negative/ERBB2-positive

Asian 11 5 (45) 5(55)

Black 13 8(62) 5(38) 41

White 63 2 (67) 21(33) Abbreviations: HR, hormone receptor; pCR, pathologic

complete response.
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clinical outcomes for women with ER-positive breast cancers using the 21-gene Oncotype DX Breast
Recurrence Score Test. Albain et al*® evaluated data from the randomized Trial Assigning
Individualized Options for Treatment (TAILORX) that included 9719 patients, of whom 693 were
Black women with HR-positive/ERBB2-negative, axillary node-negative breast cancer. The
investigators found that among women with intermediate recurrence risk based on recurrence
scores (RSs), Black women had higher recurrence and mortality rates than White women after
adjusting for RS and other comorbidities. A retrospective cohort study of patients with ER-positive
breast cancer using the Surveillance, Epidemiology, and End Results Oncotype DX database and the
same RS categorizations from the TAILORx study showed that the mortality disparity between Black
women (increased mortality) compared with White women persisted in all RS risk groups (low-risk
group [RS 0-101: subdistribution hazard ratio, 2.54 [95% Cl, 1.44-4.50]; intermediate-risk group [RS
11-25]: 1.64 [95% Cl, 1.23-2.18]; high-risk group [RS >25]: 1.48 [95% CI, 1.10-1.98]).?’ Although RS is
associated with breast cancer-specific mortality in both racial groups, it has been shown to have less
prognostic value for Black women than for White women, which may be in part because it was
developed in a predominantly non-Hispanic White population.383° However, these studies are

Figure 2. Kaplan-Meier Curves of Distant Recurrence-Free Survival (DRFS) Differences by Race and Pathologic Complete Response (pCR) Status
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Hazard ratios 1.23 (95% Cl, 0.69-2.18; P = .48) and 1.45 (95% Cl, 0.95-2.24; P = .09) for
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limited to an analysis of clinical outcome differences among women with ER-positive breast cancer.
In our study, we used data from the I-SPY 2 clinical trial to look at racial differences in clinical
outcomes across multiple receptor subtypes among women considered to have high-risk breast
cancers by MammaPrint subtyping.

Exploratory Analysis of Gene Expression Signatures

Our exploratory analysis of gene expression signatures among women with HR-positive/ERBB2-
negative tumors revealed 3 differentially expressed gene signatures (IFN module, mitotic score, and
ER/PR module) by race. Higher expression of the ER/PR module was associated with better
outcomes for patients with the HR-positive/ERBB2-negative subtype. Lower expression of this
signature among Black compared with Asian patients may have implications when it comes to
response to endocrine therapies among patients with this subtype. Though these findings are
preliminary, they suggest a pathway for further study of racial disparities in pCR and DRFS among
women with HR-positive/ ERBB2-negative tumors.

A study with molecular methods used in a report by Byun et al*® suggested that differential
expression of regulatory genes may account for some differences in clinical outcomes that are
associated with race among homogeneous tumor receptor groups. In prior reports describing the
evolutionary trajectory of breast cancer in the Nigerian Breast Cancer Study and The Cancer Genome
Atlas, Black patients with HR-positive/ERBB2-negative tumors have higher rates of genomic
instability, increased intratumoral heterogeneity, and higher rates of GATA3 variations, with
implications for precision therapeutics among populations of African ancestry.*"*2 Additional studies
that include data from gene expression profiling and assessment of the tumor immune
microenvironment of HR-positive/ERBB2-negative tumors*>#4 are promising avenues toward insight
into the heterogeneity of this tumor subtype and consequential racial disparities in the survival
outcomes observed.

Leveraging the expression data across all subtypes, we found a significant interaction between
the TGF-B signature and pCR and DRFS outcomes among racial groups. This finding is remarkable
given previous studies on the association between TGF-f3 signaling and racial disparities in prostate
cancer.*>*® These studies suggest that higher TGF-B signaling may be associated with more
aggressive prostate cancer in Black patients.38° In early breast cancer, we observed higher levels of
expression of the TGF-f signature among Black patients that were associated with lower pCR and
DRFS rates, where no association existed for Asian and White patients.

Figure 3. Gene Expression Signatures of Hormone Receptor (HR)-Positive/ERBB-Negative Tumors by Race
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Boxes indicate the IQR, with the center line indicating the median and whiskers indicating the lower quartile minus 1.5 times the IQR and upper quartile plus 1.5 times the IQR. ER/PR
indicates estrogen receptor/progesterone receptor; IFN, interferon.
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Strengths and Limitations

Unique strengths of our analysis include a predefined population with a uniformly high risk for breast
cancer recurrence; subgroup analyses that accounted for receptor subtype differences; and the use
of data from a robust, adaptive clinical trial. Additionally, I-SPY 2 is a multicenter clinical trial that
includes a diverse population. Previous reports on racial disparities in breast cancer survival have
been observed for reasons that are poorly understood in part due to low enrollment of women who
self-identify as part of a racial minority group.*”° The percentage of Black women enrolled in the
I-SPY 2 trial is 12%, which is proportional to the population of non-Hispanic Black individuals in the US
(12.1% of the total US population of 331.9 million as of 2021),°° reflecting an intentional selection of
clinical sites in geographic areas with diverse populations and improving our ability to analyze clinical
outcomes by race. While it has been an aspiration to implement this practice in the general clinical
trial setting to reduce breast cancer disparities, more work needs to be done.">?

This study also had several limitations. Lack of sociodemographic and comorbidity data limited
our ability to account for social determinants that contribute to racial disparities in clinical outcomes.
However, prior studies examining socioeconomic factors contributing to the mortality disparity in
breast cancer have found that when adjusting for indicators of social determinants of health
(insurance and neighborhood deprivation), the association with self-reported race and disparity in
outcomes is persistent.®>3 Although our study includes more than 900 patients, the considerable
heterogeneity in the pattern of gene expression profiles among relatively smaller-sized subsets of
race and breast cancer subtypes limits our ability to determine both statistically and clinically
meaningful differences in outcomes by race. Further studies are underway, with additional
investigation into biomarkers associated with worse outcomes to inform how we think about
potential therapeutic targets and their possible contribution to reducing racial disparities in clinical
outcomes.

Conclusions

In this retrospective cohort study of I-SPY 2 clinical outcomes data, no significant association was
found between race and pCR. We conclude that when women with high-risk breast cancer are
enrolled in biomarker-informed NACT trials, their survival outcomes can be estimated by
achievement of pCR, regardless of race. Our findings reveal evidence of racial disparities in DRFS
among women with early-stage, molecularly high-risk, HR-positive/ERBB2-negative tumors who do
not achieve pCR, with Black women having a significantly higher recurrence risk than White women
in this subgroup. This finding suggests a need for further investigation into the heterogeneity of
HR-positive/ERBB2-negative tumors using gene expression analysis and into the tumor immune
microenvironment to provide insight into racial disparities in breast cancer clinical outcomes.
Ultimately, our findings underscore the importance of enrolling diverse patient populations in clinical
trials to work toward advancing health equity and to better understand contributors to racial
disparities in breast cancer mortality.
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eFigure 1. DRFS Hazard Ratios
Estimated DRFS hazard ratios and 90% confidence interval by Cox proportional hazards model
among racial groups (White patients as reference) overall, within pCR vs. non-pCR subsets as

well as within subtypes by pCR status
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eFigure 2. Associations of Gene Expression Signatures by Race.

(A) Association of IFN module, Mitotic score, and ER/PR module to survival outcomes among patients with HR-positive/HER2-negative tumors. Interaction of TGF[ signature with race in

relationship to (B) pCR and (C) DRFS outcomes.
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eTable 1. Expression Biomarkers Evaluated

signature

SMO, MMP19, ITGBS, ITGAS, NID1, TIMP1, SEMA3F,
RHOQ, CTNNB1, MMP2, SERPINE1, EPHB2, COL16A1,
EPHA2, TNC, JUP, ITGA3, TCF7L2, COL3A1, CDH6,
WNT2B, ADAMY, DSP, HSPG2, ARHGAP1, ITGBS,
IGFBP5, ARHGDIA, LRP1, IGFBP2, CTNNA1, LRRC17,
MMP14, NEO1, EFNAS, ITGB3, EPHB3, CD44, IGFBP4,
TNFRSF1A, RAC1, PXN, PLAT, COL8A1, WNTS8B,
IGFBP3, RHOA, EPHB4, MMP1, PAK1, MTA1, THBS2,
CSPG2, MMP17, CD59, DVL3, RHOB, COL6A3, NOTCH2,

Biomarker Type Description Genes Scoring method Source
TIL_sig Immune cell population Tumor infiltrating lymphocytes PTPRC 1) Mean center, 2) Z-score Danaher et al.!
signature
Tcell_sig Immune cell population T cells signature CD3D, CD3E, CD3G, CD6, SH2D1A, TRATI 1) Average over genes, 2) mean center, 3) Z-score Danaher et al.!
Tc_sig Immune cell population cytotoxic T cells signature CDS8A, CD8B 1) Average over genes, 2) mean center, 3) Z-score Danaher et al.!
ExhTc_sig Immune cell population exhausted Tc cells signature CD244, EOMES, LAG3, PTGER4 1) Average over genes, 2) mean center, 3) Z-score Danaher et al.!
Thl_sig Immune cell population type 1 helper T cells signature TBX21 1) Mean center, 2) Z-score Danabher et al.!
Treg_sig Immune cell population regulatory T cells signature FOXP3 1) Mean center, 2) Z-score Danabher et al.!
Cyto_sig Immune cell population cytotoxic cells signature CTSW, GNLY, GZMA, GZMB, GZMH, KLRB1, KLRDI1, 1) Average over genes, 2) mean center, 3) Z-score Danaher et al.!
KLRK1, NKG7, PRF1
NK_sig Immune cell population Natural killer cells signature NCR1, XCL1, XCL2 1) Average over genes, 2) mean center, 3) Z-score Danaher et al.!
NK56d_sig Immune cell population CD56dim natural killer cells IL21R, KIR3DL1, KIR3DL2 1) Average over genes, 2) mean center, 3) Z-score Danaher et al.!
signature
Beell_sig Immune cell population B cells signature BLK, CD19, FCRL2, KIAA0125, MS4A1, PNOC, SPIB, 1) Average over genes, 2) mean center, 3) Z-score Danaher et al.!
TCL1A, TNFRSF17
DC_sig Immune cell population Dendritic cells signature CCL13, CD209, HSD11B1 1) Average over genes, 2) mean center, 3) Z-score Danaher et al.!
Mac_sig Immune cell population Macrophages signature CD163, CD68, CD84, MS4A4A 1) Average over genes, 2) mean center, 3) Z-score Danaher et al.!
Neut_sig Immune cell population Neutrophils signature CEACAM3, CSF3R, FCAR, FCGR3B, FPR1, S100A12, 1) Average over genes, 2) mean center, 3) Z-score Danaher et al.!
SIGLECS5
Mast_sig Immune cell population Mast cells signature CPA3, HDC, MS4A2, TPSAB1, TPSB2 1) Mean center, 2) average over genes, 3) Z-score Danaher et al.!
Mod4_TB Immune cell population T and B cell immune module CD96, CD52, SEMA4D, CXCL13, SP140, CCR7, CTSW, 1) Mean center, 2) take modified inner product with centroid Wolf et al.2
DOCK2, EVI2B, FCN1, KLRK1, FLI1, PLCL2, FYB, as published and described below (though averaging would
IPCEF1, PPP1IR16B, CCDC69, STAP1, GPR1S, yield similar results), 3) Z-score
ICOS,GPR171, GZMA, GZMB, GZMK, IGJ, IL2RB, IL2RG,
IL7R, ITGA4, ITK, KLRB1, LCK, LGALS2, LRMP, LTB,
SH2D1A, CXCL9, NCF4, GIMAP6, IL21R, TRAT1, PLACS,
UBASH3A, POU2AFI1, RHOF, LAX1, BANKI1, SIRPG,
PRF1, DOCK10, PRKCB, CRTAM, PTGDS, PTPRC,
PTPRCAP, TNFRSF17, CCL19, SELL, BCL11B, SLAMFI,
TNFRSF1B, CCR2, TRAF3IP3, TCL1A, VNN2, PSTPIP1,
CD2, CD3G, CD247, CD7, CD8A, CD19, MS4A1, CD27,
AIM2, CD37, CYTIP, CD69, CD79A, FAM65B, KIAA0125,
P2RY14
Mod3_IFN Immune signaling Interferon module 1F144, IF144L, DDXS58, IF16, IFI27, IFIT2, IFIT1, IFIT3, 1) Mean center, 2) take modified inner product with centroid Wolf et al.2
CXCL10, MX1, OAS1, OAS2, OAS3, HERCS5, SAMD9, as published and described below (though averaging would
HERC6, DDX60, RTP4, IFIH1, STAT1, TAP1, OASL, yield similar results), 3) Z-score
RSAD2, ISG15
TGFB_sig Immune signaling Transforming growth factor b MMP3, MARCKSLI1, IGF2R, LAMBI1, SPARC, FN1, ITGA4, | 1) Mean center, 2) average over genes, 3) Z-score Teschendorff et al.3
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BSG, MMP11, COL1A2, ZYX, RND3, THBS1, RHOG,
ICAM1, LAMA4, DVL1, PAK2, ITGB2, COL6A1, FGD1,

STATI sig Immune signaling signal transducer and activator of TAP1, GBP1, IFIH1, PSMB9, CXCL9, IRF1, CXCL11, 1) Mean center, 2) average over genes, 3) Z-score Rody et al.*
transcription 1 signature CXCLI10, IDOI1, STAT1
ICS5 Immune signaling Integrated Cytokine Score CXCL13, CLICS5, HLA-F, TNFRSF17, XCL2 1) Mean center, 2) average over genes, 3) Z-score Yau et al.’
Chemokinel2 Immune signaling Signature of 12 chemokines CCL2, CCL3, CCL4, CCLS5, CCLS8, CCL18, CCL19, CCL21, 1) Mean center, 2) average over genes, 3) Z-score Coppola et al.%
CXCL9, CXCL10,CXCL11,CXCL13 Prabhakaran et al.”
TIS Immune signaling Tumor inflammatory signature TIGIT, CD27, CD8A, PDCD1LG2, CXCR6, LAG3, CD274, 1) Mean center, 2) average over genes, 3) Z-score Ayers et al.®
CMKLRI1, NKG7, CCL5, PSMB10, IDO1, PPBP, HLA-DQAI,
CD276, STAT1, HLA-DRBI1, HLA-E
Geparsixto Immune signaling GeparSixto TRIAL immune CXCL9, CCLS5, CDS8A, CD80, CXCL13, IDO1, PDCDI, 1) Mean center, 2) average over genes, 3) Z-score Denkert et al.”
activation signature CD274, CTLA4, FOXP3
ER_PR_sig hormone receptor Estrogen and progesterone receptor | ESR1, PGR 1) Mean center, 2) average over genes, 3) Z-score

expression

Mitototic_sig

proliferation

Proliferation/cell cycle signature

PLK1, CDK1, BUB1B, NEK2, TTK, MELK, PLK4, CHEKI,
AURKA, AURKB, BUBI, PBK

1) Mean center, 2) average over genes, 3) Z-score

Bianchini et al.!”

PD1 Immune (single marker) PD1 gene expression PDCD1 Z-score
PDL1 Immune (single marker) PDL1 gene expression CD274 Z-score
CD68 Immune (single marker) CD68 gene expression CD68 Z-score

Module7_ERBB2

ERBB2

ERBB?2 co-expression module

ERBB2, GRB7, STARD3, PGAP3

1) Mean center, 2) take modified inner product with centroid
as published and described below, 3) Z-score

Wolf et al.?
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eTable 2. Five-Year Distance Recurrence—Free Survival By Race, pCR Status, and Receptor Subtypes

DRFS Hazard Ratio
Race Response N at 5 years (95% CI) Wald p
ALL
Asian ALL 65 82% 1.06(0.6-1.88) 0.84
Black/AA ALL 114 74% 1.37(0.9-2.06) 0.14
White ALL 749 81% REF
Asian pCR 22 100% 0(0-Inf) na
Black/AA pCR 36 94% 0.93(0.21-4.07) 0.92
White pCR 251 94% REF
Asian non-pCR 43 72% 1.23(0.69-2.18) 0.48
Black/AA non-pCR 78 64% 1.45(0.95-2.24) 0.09
White non-pCR 498 74% REF
HR+HER2-
Asian ALL 21 76% 1.31(0.52-3.27) 0.57
Black/AA ALL 41 64% 1.98(1.08-3.64) 0.03
White ALL 298 80% REF
Asian pCR 2 100% 0(0-Inf) na
Black/AA pCR 9 100% na
White pCR 51 96% REF
Asian non-pCR 19 73% 1.26(0.5-3.17) 0.62
Black/AA non-pCR 32 55% 2.28(1.24-4.21) 0.01
White non-pCR 247 77% REF
HR-HER2-
Asian ALL 24 80% 0.95(0.38-2.37) 0.92
Black/AA ALL 49 79% 0.85(0.42-1.72) 0.66
White ALL 270 78% REF
Asian pCR 11 100% 0(0-Inf) na
Black/AA pCR 16 87% 1.78(0.38-8.36) 0.47
White pCR 111 93% REF
Asian non-pCR 13 58% 1.26(0.5-3.15) 0.63
Black/AA non-pCR 33 75% 0.66(0.3-1.45) 0.30
White non-pCR 159 67% REF
HR+HER2+
Asian ALL 10 100% 0.64(0.08-4.83) 0.66
Black/AA ALL 11 80% 1.86(0.42-8.16) 0.41
White ALL 124 88% REF
Asian pCR 4 100% 0(0-Inf) na
Black/AA pCR 3 100% 0(0-Inf) na
White pCR 49 98% REF
Asian non-pCR 6 100% 0.63(0.08-4.82) 0.66
Black/AA non-pCR 8 71% 1.95(0.44-8.64) 0.38
White non-pCR 75 82% REF
HR-HER2+
Asian ALL 10 79% 1.1(0.24-5.01) 0.90
Black/AA ALL 13 77% 1.31(0.36-4.78) 0.68
White ALL 57 82% REF
Asian pCR 5 100% 0(0-Inf) na
Black/AA pCR 8 100% 0(0-Inf) na
White pCR 40 90% REF
Asian non-pCR 5 53% 1.05(0.21-5.23) 0.95
Black/AA non-pCR 5 40% 1.91(0.48-7.66) 0.36
White non-pCR 17 63% REF

© 2023 Kyalwazi B, et al. JAMA Network Open.



eReferences

1. Danaher P, Warren S, Dennis L, et al. Gene expression markers of Tumor Infiltrating Leukocytes. J
Immunother Cancer. 2017;5(1):18. doi:10.1186/s40425-017-0215-8

2. Wolf DM, Lenburg ME, Yau C, Boudreau A, Veer LJ van ‘t. Gene Co-Expression Modules as Clinically
Relevant Hallmarks of Breast Cancer Diversity. Plos One. 2014;9(2):e88309.
doi:10.1371/journal.pone.0088309

3. Teschendorff AE, Gomez S, Arenas A, et al. Improved prognostic classification of breast cancer defined by
antagonistic activation patterns of immune response pathway modules. Bmc Cancer. 2010;10(1):604.
doi:10.1186/1471-2407-10-604

4. Rody A, Holtrich U, Pusztai L, et al. T-cell metagene predicts a favorable prognosis in estrogen receptor-
negative and HER2-positive breast cancers. Breast Cancer Res Bcr. 2009;11(2):R15. doi:10.1186/bcr2234

5. Yau C, Sninsky J, Kwok S, et al. An optimized five-gene multi-platform predictor of hormone receptor
negative and triple negative breast cancer metastatic risk. Breast Cancer Res. 2013;15(5):R103.
doi:10.1186/bcr3567

6. Coppola D, Nebozhyn M, Khalil F, et al. Unique Ectopic Lymph Node-Like Structures Present in Human
Primary Colorectal Carcinoma Are Identified by Immune Gene Array Profiling. Am J Pathology.
2011;179(1):37-45. doi:10.1016/j.ajpath.2011.03.007

7. Prabhakaran S, Rizk VT, Ma Z, et al. Evaluation of invasive breast cancer samples using a 12-chemokine
gene expression score: correlation with clinical outcomes. Breast Cancer Res. 2017;19(1):71.
doi:10.1186/s13058-017-0864-z

8. Ayers M, Lunceford J, Nebozhyn M, et al. IFN-y—related mRNA profile predicts clinical response to PD-1
blockade. J Clin Invest. 2017;127(8):2930-2940. doi:10.1172/jci91190

9. Denkert C, Minckwitz G von, Brase JC, et al. Tumor-Infiltrating Lymphocytes and Response to Neoadjuvant
Chemotherapy With or Without Carboplatin in Human Epidermal Growth Factor Receptor 2—Positive and
Triple-Negative Primary Breast Cancers. J Clin Oncol. 2014;33(9):983-991. doi:10.1200/jc0.2014.58.1967

10. Bianchini G, Pusztai L, Karn T, et al. Proliferation and estrogen signaling can distinguish patients at risk for
early versus late relapse among estrogen receptor positive breast cancers. Breast Cancer Res.
2013;15(5):R86. doi:10.1186/bcr3481

© 2023 Kyalwazi B, et al. JAMA Network Open.



Data Sharing Statement

Kyalwazi. Race, Gene Expression Signatures, and Clinical Outcomes of Patients With High-
Risk Early Breast Cancer. JAMA Netw Open. Published December 28, 2023.
doi:10.1001/jamanetworkopen.2023.49646

Data

Data available: Yes

Data types: Deidentified participant data

How to access data: Signature scores and normalized gene expression data are publicly
available from the NCBI Gene Expression Omnibus (GSE194040). Clinical data will be
provided upon reasonable request to the corresponding author.

When available: With publication

Supporting Documents
Document types: None

Additional Information

Who can access the data: Signature scores and normalized gene expression data are
publicly available from the NCBI Gene Expression Omnibus (GSE194040). Clinical data will be
provided upon reasonable request to the corresponding author.

Types of analyses: Signature scores and normalized gene expression data are publicly
available from the NCBI Gene Expression Omnibus (GSE194040). Clinical data will be
provided upon reasonable request to the corresponding author.

Mechanisms of data availability: Signature scores and normalized gene expression data are
publicly available from the NCBI Gene Expression Omnibus (GSE194040). Clinical data will be
provided upon reasonable request to the corresponding author.



