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Most ER+ breast cancers (BC) express androgen receptors (AR). This randomized phase II trial of 4
monthsofneoadjuvant fulvestrant (Fulv) aloneorwithenzalutamide (Combo)assessedwhetheraddingAR
blockade to Fulv would limit residual tumor at the time of surgery, as measured by modified preoperative
endocrine predictive index (PEPI) score. Eligible patients were women with ER+/HER2− primary BC cT2
or greater. Stratification factors were clinical node and T-stage. Fresh tumor biopsies were required at
study entry, after 4 weeks on therapy (W5), and at surgery. Laboratory analyses on tumors included
immunochemistry (IHC) for ER/PR/AR/GR and Ki67 protein, evaluation of gene expression, multiplex for
myeloid lineage immune cells, reverse-phase protein array, and plasma metabolomic analyses. Of 69
consented patients, 59 were evaluable. Toxicity was as expected with endocrine therapy. Combo
achievedPEPI = 0more frequently (24%:8/33) thanFulv (8%:2/26). Ki67was≤10%acrossarmsbyW5 in
76% of tumors. Activation of mTOR pathway proteins was elevated in tumors with poor Ki67 response.
Tumors inboth armsshoweddecreasedestrogen-regulatedandcell divisiongenesets,whileComboarm
tumors uniquely exhibited enrichment of immune activation gene sets, including interferon gamma,
complement, inflammation, antigen processing, and B and T cell activation. Multiplex IHC showed
significantly reduced tumor-associated macrophages and CD14+/HLADR−/CD68−MDSCs in Combo
tumors atW5. In summary, Combo tumors showed a higher PEPI = 0 response, Ki67 response, andmore
activated tumor immune microenvironment than Fulv. The odds of response were 4.6-fold higher for
patients with ILC versus IDC. (Trial registration: This trial is registered at Clinicaltrials.gov (https://www.
clinicaltrials.gov/study/NCT02955394?id=16-1042&rank=1). The trial registration number is
NCT02955394. The full trial protocol is available under StudyDetails at theClinicaltrials.gov link provided).

Neoadjuvant therapy is often administered tomore locally advancedbreast
cancer (BC) to facilitate surgery, downstage the tumor, and evaluate the
efficacy of systemic therapy. Although chemotherapy is usually the mod-
ality of choice, it is increasingly recognized that more indolent, estrogen-
driven BC may not benefit significantly from chemotherapy, and pre-
operative endocrine therapy may be administered, with a reassessment of
therapeutic options in the adjuvant setting based on surgical results and

clinical risk. The optimal choice for neoadjuvant endocrine therapy is not
yet fully established.

While the majority (over 90%) of all estrogen receptor-positive (ER+)
BCs express androgen receptor (AR) protein1,2, its role remains controversial.
In the presence of estrogen, androgens tend to suppress ER-mediated pro-
liferation in preclinical models. In contrast, when ER signaling is absent (in
postmenopausal women, especially those with BC on aromatase inhibitors
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(AIs) or tumors where ER is low), androgens stimulate proliferation and
enhance survival of tumor cells while anti-androgens reduce proliferation.
Although AR is associated with more indolent luminal tumors, high AR
protein expression relative to ER is associated with resistance to tamoxifen
and AI therapy as supported by both clinical and preclinical data3–7.

We hypothesized that the anti-androgen agent enzalutamide (E),
when combined with the ER degrader fulvestrant (Fulv), would enhance
anti-proliferative activity. Fulv was selected as the ER-targeting agent for
this trial because it is at least equally as effective against ER+ BC as aro-
matase inhibitors andhas little pharmacologic interactionwithE.The safety
of Fulv plus E was established in a phase I trial. E is a powerful CYP3A4
inducer and reduced the AUC of exemestane by 50% and anastrozole by
88%, but the AUC of fulvestrant was not affected8. Subsequently, a non-
randomized phase II trial of Fulv plus E conducted in patients with heavily
pre-treated metastatic ER+HER2− BC not selected for AR expression,
achieved a clinical benefit rate (CBR) at 24 weeks of 25%9. In contrast, a
selective AR modulator (SARM), enobosarm, was recently evaluated as a
single agent in a group of endocrine-sensitive patients, of which 20% had
untreateddenovometastatic disease.CBR for this selected groupof patients
was 31% study-wide; however, 25% of the intent-to-treat patients were
excluded from the CBR calculation due to lack of confirmed ≥10% AR+
staining10. Further, 36% of patients had bone only disease (not always
evaluable and typicallynotmeasurable), and16%ofpatientshadG3 toxicity
related to drug, including two with G3 “tumor flare”10.

Here, we report the results of a randomized phase II trial with Fulv
alone or in combination with E (Combo) given preoperatively for 4months
to patients with primary, untreated BC. The primary objective was to
compare thepreoperative endocrine predictive index (PEPI) score in the two
arms. Secondary clinical objectives were to further confirm the safety profile

of this combination and evaluate Ki67 change. Serial biopsies and plasma
wereobtainedpretreatment as abaseline (BL)measurement, at the endof the
fourth week of treatment (W5), and at the time of surgery, to evaluate the
effects of treatment on tumor and its relationship to clinical outcomes.

Results
Patient characteristics and clinical outcomes
A total of 69 patients consented and were screened, of whom 59 were
evaluable: 33 on Combo and 26 on Fulv (Fig. 1B CONSORT diagram).
Upon completionof the Simon stage I portionof the experimental arm, 4/22
patients (18%) had achieved PEPI = 0, so the second stage then completed
accrual. Demographics are depicted in Table 1. Of the 33 patients treated on
theCombo arm, themedian agewas 63.AtBL, 21%hadT3/T4 tumors, 91%
were ER+/PR+, median AR expression was 80%, and median Ki67 was
15%.Of the 26 patients treated on the Fulv arm, themedian agewas 61, 19%
had T3/T4 tumors, 96% were ER+/PR+, median AR expression was 85%,
andmedianKi67 was 10%. Across both arms, surgery was completed in 56/
59 patients (95%), with endocrine therapy alone. Three received che-
motherapy prior to surgery, and these were designated as PEPI > 0. Overall,
PEPI = 0 was achieved in 10/59 (17%). Importantly, PEPI = 0 was achieved
more frequently on the Combo arm (8/33, 24%) than the Fulv arm (2/26,
8%) (p = 0.16) (Table 2). However, this did not meet pre-specified sig-
nificance (0.08).

Toxicity was as expected with endocrine therapy (Table 3). Mild
cognitive disturbance was noted primarily (described as “feeling woozy,” “a
bit out of it,” and “trouble concentrating”) in patients receiving E (the
Combo arm). These appeared fully reversible upon completing E. Mild
nausea, diarrhea, sleep disturbance, and fatigue were also more common in
the Combo arm.

Fig. 1 | Flow of study. a Study schema. bCONSORT
diagram flow chart. *Three were ineligible, four
withdrew for surgery first. +Not treated (surgery
first). **Treated for 4 weeks until W5 biopsy
demonstratedHer2 amplification andwithdrawn by
MD; inevaluable.
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Demographic and clinical risk factors of progression
Univariate associations between PEPI score and clinical variables
showed that lower BL and W5 Ki67 were associated with greater odds
of PEPI = 0 score. The odds of response (PEPI = 0) decreased 9.9%
(95% CI: 2.3–20.6, p = 0.004) per percentage point higher BL Ki67 and
38.1% (95% CI: 5.3–71.1, p = 0.005) per percentage point higher W5
Ki67. Only one patient had a T3 tumor that achieved PEPI = 0, and this
was on the Combo arm. None of the PEPI = 0 patients were node-
positive (Table 1). Interestingly, the odds of response were 4.6-fold
higher (95% CI: 0.9–22 times, p = 0.06) for patients with ILC versus
those with IDC. Age at consent (p = 0.13), ER IHC (p = 0.47 at BL,
p = 0.30 at W5, p = 0.34 at Surgery), and AR IHC (p = 0.96 at BL,
p = 0.71 at W5, p = 0.34 at Surgery) were not significantly associated
with PEPI score (Table 4).

Serial tissue studies
The steroid receptors ER, PR, AR, glucocorticoid receptor (GR), Ki67;
and cleaved caspase 3 were quantified by immunohistochemistry (IHC)
across arms in tumor tissue at BL, W5, and time of surgery (Fig. 2,
Table 2, Supplementary Fig. 1). ER (Combo W5 p < 0.001, Combo
surgery p < 0.001, Fulv W5 p < 0.001, Fulv surgery p = 0.012) and PR
(Combo W5 p < 0.001, Combo surgery p = 0.002, Fulv W5 p = 0.001,

Fulv surgery p = 0.001) were significantly decreased in both arms at both
W5 and time of surgery. AR (p = 0.021) and GR (p = 0.048) decreased
significantly only in the Combo arm at the time of surgery. Among
patients with complete Ki67 data, 11/25 (44%) in the Combo arm and 7/
20 (35%) in the Fulv armhad BLKi67 >10%, which decreased to≤10% at
the time of surgery (Table 2). Ten patients (4 on Combo and 6 in Fulv)
had a delay in surgery; however, the delayed timing of surgery did not
significantly affect Ki67 or AR between W5 and surgery in these
patients. In the Combo arm, no tumors had increased Ki67 between BL
and time of surgery, but an increase in Ki67 was observed in 3 patients
on Fulv only (Fig. 2).

Reverse-phase protein array
Reverse-phase protein array (RPPA) data measured differences in
phosphoprotein abundance across various definitions of response.
Figure 3A depicts dumbbell plots of significant differences (p < 0.1) in
phosphoprotein expression at BL in tumors destined to achieve
PEPI = 0 versus PEPI > 0. Cell cycle proteins were significantly lower
at BL in tumors destined to have a PEPI = 0 response, as were stress
response (pHSP90), DNA damage repair, and growth/survival/ and

Table 1 | Baseline patient characteristics

Combo
arm (N = 33)

Fulv
arm (N = 26)

Total
(N = 59)

PEPI = 0
(N = 10)

Age at consent (years)

Median
(range)

63 (41, 78) 61 (32, 83) 63 (32, 83) 66 (49, 76)

ECOG PS

Median
(range)

0 (0, 1) 0 (0, 2) 0 (0, 2) 0 (0, 1)

T stage

T2 26 (78.8%) 21 (80.8%) 47 (79.7%) 9 (90.0%)

T3 6 (18.2%) 5 (19.2%) 11 (18.6%) 1 (10.0%)

T4 1 (3.0%) 0 (0.0%) 1 (1.7%) 0 (0.0%)

N stage

NX 1 (3.0%) 0 (0.0%) 1 (1.7%) 0 (0.0%)

N0 14 (42.4%) 13 (50%) 27 (45.8%) 10 (100.0%)

N1 17 (51.5%) 13 (50%) 30 (50.8%) 0 (0.0%)

N2 1 (3.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%)

ER/PR expression positivea

ER+ & PR−
ER+ & PR+

3 (9.1%)
30 (90.9%)

1 (3.8%)
25 (96.2%)

4 (6.8)
55 (93.2%)

2 (20.0%)
8 (80.0%)

% AR expression positivea

N 27 22 49 9

Median
(range)

80 (10, 100) 85 (10, 100) 80 (10, 100) 90 (10, 100)

Ki67 (%)

N 29 21 50 10

Median
(range)

15 (1, 80) 10 (1, 60) 12 (1, 80) 5 (1, 15)

Histology

IDC 25 (75.8%) 20 (76.9%) 45 (76.3%) 5 (50.0%)

ILC 5 (15.2%) 6 (23.1%) 11 (18.6%) 4 (40.0%)

Other 3 (9.1%) 0 (0.0%) 3 (5.1%) 1 (10.0%)

N is presented for variables with less than 59 observations.
aLab data were used to calculate AR, ER, and PR% Positive. ER and PR%Positive were replaced
with clinical data when lab data were unavailable.

Table 2 | Surgical and Ki67 results

Combo
arm (N = 33)

Fulv
arm (N = 26)

Total (N = 59)

Surgerya

No 2 (6.1%) 1 (3.8%) 3 (5.1%)

Yes 31 (93.9%) 25 (96.2%) 56 (94.9%)

PEPI Score

>0 25 (75.8%) 24 (92.3%) 49 (83.1%)

0 8 (24.2%) 2 (7.7%) 10 (16.9%)

Ki67 at W5b

N 26 24 50

≤10% 18 (69.2%) 20 (83.3%) 38 (76.0%)

Ki67 at surgeryb

N 26 22 48

≤10% 19 (73.1%) 17 (77.3%) 36 (75.0%)

Change in Ki67 BL—W5

N 26 22 48

High BL,
High W5

8 (30.8%) 4 (18.2%) 12 (25.0%)

High BL,
Low W5c

11 (42.3%) 9 (40.9%) 20 (41.7%)

Low BL, LowW5 7 (26.9%) 9 (40.9%) 16 (33.3%)

Change in Ki67 BL—surgery

N 25 20 45

High BL, high
surgery

7 (28.0%) 4 (20.0%) 11 (24.4%)

High BL, low
surgery

11 (44.0%) 7 (35.0%) 18 (40.0%)

Low BL, high
surgery

0 (0.0%) 1 (5.0%) 1 (2.2%)

Low BL, low
surgery

7 (28.0%) 8 (40.0%) 15 (33.3%)

N is provided for variables with less than 59 variables, and the percentage shown is out of the non-
missing total.
a“Yes” indicates patientswho had surgery during the study, and “No” indicates patientswhodid not
have surgery during the study. Three patients did not have surgery: one insurance-related, and two
received additional therapy prior to surgery due to the physician’s decision.
b“≤10%” indicates patients who had low Ki67 (≤10%) as measured by IHC at each time point. High
Ki67 is defined as >10%.
cThe high BL, low W5 group are designated as responders by Ki67.
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metabolism proteins. Additionally, total AR, pS81, and p650AR, as
well as total PD-L1, were lower in PEPI = 0. Three RTKs were also
lower at BL in tumors that would achieve PEPI = 0. pHER3 and
pHER2 were higher at BL in tumors that achieved PEPI = 0.

Change with treatment (from BL to W5) was also compared by PEPI
response (Fig. 3B). Tumors that achieved PEPI = 0 showed decreased
phosphoproteins in the cell cycle, cellular stress, growth/survival/metabo-
lism,HER family, andRTKs (except for PRAS40T246) byW5of treatment.
Importantly, total AR (as detected by two different antibodies) was sig-
nificantly reducedbyW5 in tumors achievingPEPI = 0 (8out of 10ofwhich
were in the Combo arm). Significant protein changes with p < 0.2 are listed
in Supplementary Figs. 2–4.

Similarly, Fig. 4A depicts significant differences (p < 0.1) in phospho-
protein levels at BL in tumors destined to respond by reduced Ki67
(as measured by IHC) (Ki67 high BL/low W5) were compared to non-
responders (Ki67 high BL/highW5), where high Ki67was defined as >10%,
and lowKi67wasdefinedas≤10%.Cell cycle proteins, includingRPPAKi67
itself, HSP90aT5/T7, DNA damage repair proteins, mTOR activation
indicators, and NFkBp65S536, were lower at BL in Ki67 responders. In
tumors that did not respond (Ki67 high BL/high W5), Y1248HER2 and
pS650AR were low at BL.

Ki67 response groups were also compared post-treatment (W5–BL)
(Fig. 4B). As expected, Ki67 detected by RPPA decreased in tumors that
showed decreased Ki67 quantified by IHC. Activated MEK, mTOR, and
other pro-survival and metabolism proteins also decreased in Ki67-
responsive tumors (Ki67 high BL/low W5). pHER2, AR total, and p

S650AR also decreasedwith treatment in responding tumors. IGF1RY1135/
1136 and/or insulin receptor Y1150/51 were significantly increased (p < 0.1)
with treatment in non-responsive tumors, while pCHK1 and pAXL
decreased. Significant protein changes with p < 0.2 are listed in Supplemen-
tary Figs. 5, 6.

Finally, since the odds of PEPI = 0 response were 4.6-fold (95% CI:
0.9–22) higher for patients with ILC compared to those with IDC, we
examined the phosphoproteins in these two histologic groups at BL and
the change with treatment. BL Cyclin D1, S6RP, HIF-1 alpha, and ATP
citrate lyase were significantly lower in ILC than in IDC. CHK1 andALK
were higher (Supplementary Fig. 7A and Supplementary Fig. 8). Inter-
estingly, on average, both AR and phosphoS650 AR decreased more
from BL toW5 in ILC compared to IDC. As would be expected with the
higher odds of response in ILC as measured by PEPI score, multiple cell
cycle proteins decreased more with treatment in ILC, as did most
growth/survival/metabolism proteins, except for PRAS40 and
PLCgamma1, which increased with treatment in ILC (Supplementary
Fig. 7B and Supplementary Fig. 9).

Metabolomics from patient plasma
Plasma metabolic analytes demonstrated a significant change with
treatment (W5–BL) across PEPI response groups (PEPI = 0, PEPI > 0),
independent of arm (Fig. 5A). In general, metabolites associated
with fatty acid synthesis, such as L-carnitine, acyl-C5:1, sphingosine
1-phosphate, dodecanedioic acid, and lactate, were lower at BL in
tumors that ultimately achieved PEPI = 0 than in PEPI > 0 tumors.
Additionally, 2-oxoglutaramate, octanoic acid, 2’,3’-cyclic CMP,
mannitol, and sphinganine 1-phosphate increased in these tumors.
Figure 5B depicts analytes that significantly changed with treatment
across arms. The Combo arm had a greater effect than Fulv alone in
reducing multiple amino acids, fatty acids, glycerophospholipid
synthesis, indoles, succinate, and the urea cycle by W5, whereas GSH
homeostasis and bilirubin increased. Significant metabolite changes
with p < 0.2 are listed in Supplementary Figs. 10, 11.

Table 3 | Summaryof treatment-related adverse events (trAEs)

Combo
arm (N = 33)

Fulv
arm (N = 26)

Total (N = 59)

Patients with any trAE(s) 28 (84.8%) 20 (77%) 48 (81.4%)

Patients with any Grade
3/4 trAE(s)

1 (3%)a 1 (3.8%)b 2 (3.4%)

Grade 1/2 trAEs ≥ 10%c

Gastrointestinal 18 (54.5%) 8 (30.8%) 26 (44.1%)

Nausea 13 (39.4%) 3 (11.5%) 16 (27.1%)

Diarrhea 6 (18.2%) 1 (3.8%) 7 (11.9%)

Weight loss 3 (9.1%) 1 (3.8%) 4 (6.8%)

Constipation 2 (6.1%) 3 (11.5%) 5 (8.5%)

General 17 (51.5%) 8 (30.8%) 25 (42.4%)

Fatigue 16 (48.5%) 7 (26.9%) 23 (39%)

Endocrine 15 (45.5%) 8 (30.8%) 23 (39%)

Hot flashes 15 (45.5%) 8 (30.8%) 23 (39%)

CNS 16 (48.5%) 5 (19.2%) 21 (35.6%)

Headache 11 (33.3%) 2 (7.7%) 13 (22%)

Cognitive disturbance 6 (18.2%) 1 (3.8%) 7 (11.9%)

Dizziness 4 (12.1%) 0 4 (6.8%)

Musculoskeletal 11 (33.3%) 7 (26.9%) 18 (30.5%)

Arthralgia 5 (15.2%) 4 (15.4%) 9 (15.3%)

Myalgia 7 (21.2%) 2 (7.7%) 9 (15.3%)

Psychiatric 12 (36.4%) 1 (3.8%) 13 (22%)

Insomnia 7 (21.2%) 0 7 (11.9%)

Skin 5 (15.2%) 1 (3.8%) 6 (10.2%)

Genitourinary 4 (12.1%) 0 4 (6.8%)

The table includes trAEs determined to be probably or possibly related to treatment. Percentages
are out of column totals. Category counts include infrequent trAEs not listed in the table.
aMyocardial infarction, grade 4.
bALT increase, grade 3.
cOccurred in ≥10% of patients in total or in at least one arm.

Table 4 | Univariate associations with PEPI Score
(PEPI = 0, PEPI > 0)

Univariate predictors N OR 95% CI p-value

Age at consent (years) 59 1.05 0.99, 1.13 0.13

Lab AR (%)

Baseline Lab AR (%) 55 1 0.98, 1.03 0.96

Week 5 Lab AR (%) 51 1 0.97, 1.02 0.71

Surgery Lab AR (%) 50 0.99 0.97, 1.01 0.34

Lab ER (%)

Baseline Lab ER (%) 55 0.99 0.97, 1.01 0.47

Week 5 Lab ER (%) 51 0.99 0.96, 1.01 0.3

Surgery Lab ER (%)a 50 0.99 0.97, 1.01 0.34

Ki67 (%)

Baseline Ki67 (%) 50 0.9 0.79, 0.98 0.004

Week 5 Ki67 (%) 49 0.62 0.29, 0.95 0.005

Histology 56 0.059

Invasive ductal
carcinoma (IDC)

45 – –

Invasive lobular
carcinoma (ILC)

11 4.57 0.94, 21.97

Univariate logistic regression models with PEPI score (PEPI = 0 vs reference: PEPI > 1) as the
outcome are presented with profile likelihood CIs and likelihood ratio test (LRT) p-values. Odds
ratios above one indicate increases in the odds of response (PEPI = 0), and odds ratios below one
indicate decreases in the odds of response.
OR odds ratio, CI confidence interval.
aWhile LabERat the timeof surgerywas included in thePEPI score, other componentsof PEPI score
dictated whether patients were 0 or non-zero.
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Fig. 2 | Immunohistochemistry (IHC) in serial biopsies by treatment arm
and time. Points represent individual observations and horizontal lines indicate the
mean in each group. T-tests were used to compare the Combo and Fulv arms for
each outcome and time point. Paired t-tests were used to evaluate within-group

changes over time. “n.s.,” “*,” “**,” and “***” indicate non-significance (p > 0.05),
p < 0.05, p < 0.01, and p < 0.001, respectively. Images of one patient’s paired samples
over time are shown for each protein under the x-axis as an example. Data points in
the Ki67 plot are vertically jittered up to one unit. Magnification = 400×.
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BioSpyder tumor gene expression assay
To identify changes in gene expression following treatment and dif-
ferences between arms, tempo-seq (Biospyder) was performed using
RNA fromBL andW5 tissue (SupplementaryData 1 and 2), followed by
differential expression analysis and GSEA (Supplementary Data
3 and 4). As would be expected since both arms contained Fulv and both

reduced Ki67, changes such as the reduction in estrogen response and
cell division gene sets and an increase of adaptive and humoral immune
response were significant in both arms (Fig. 6). Interestingly, neither
arm showed significant alteration in genes involved in response to
androgen signature (largely curated from prostate cancer datasets).
However, the Combo arm uniquely increased expression of several

Fig. 3 | RPPA by PEPI score. Reverse-phase phos-
phoprotein analysis (RPPA) was performed on
laser-captured, fresh frozen tumor that was split into
two groups for comparison: PEPI = 0 (blue, N = 9)
tumors that responded to treatment, and PEPI > 0
(orange, N = 45) tumors that did not. Tumors came
from patients in both arms. Presented phospho-
proteins were significantly (p < 0.1) differentially
expressed by the Empirical Bayes moderated t-test.
a Dumbbell plot of the mean log2 baseline expres-
sion for patients with PEPI = 0 and PEPI > 0 for each
significant phosphoprotein. b Dumbbell plot of the
mean log2 change in expression among patients
with PEPI = 0 and PEPI > 0 for each significant
phosphoprotein.
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immune-related genes (e.g., TRIM22, C2, and GNLY) and gene sets
related to interferon gamma, complement, inflammation, antigen
processing, and B and T cell activation were enriched only in the
Combo arm (Fig. 6 and Supplementary Fig. 12).

Multispectral imaging of tumor-associated immune cells
The percentage of total macrophages (CD68+) and myeloid-derived sup-
pressor cells (MDSCs; CD14+, HLADR−, and CD68−) were compared
across arms (Fulv, Combo) and time (BL,W5). Macrophages (decreased 0.5

Fig. 4 | RPPA by Ki67 response. RPPA was per-
formed on laser-captured, fresh frozen tumor from
the baseline (BL) and week 5 (W5) biopsies. To
identify phosphoproteins differentially expressed at
BL between tumors that responded to treatment, the
samples were split into two groups for comparison:
High BL/Low W5, defined as Ki67 > 10% at BL, but
≤10% at W5; versus High BL/High W5, defined as
Ki67 > 10% at baseline and >10% remaining at W5.
Blue represents High BL/Low W5 (N = 13), and
orange represents High BL/High W5 (N = 9). Pre-
sented phosphoproteins were significantly (p < 0.1)
differentially expressed at the respective time points
by the Empirical Bayesmoderated t-test. aDumbbell
plot of the mean log2 baseline expression for
patients with High BL/Low W5 and High BL/High
W5 for each significant phosphoprotein.
b Dumbbell plot of the mean log2 fold change in
expression with treatment (W5–BL) by Ki67 for
each phosphoprotein.
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log2 units, p = 0.009) and MDSCs (decreased 0.1 log2 units, p = 0.003) were
significantly reduced by treatment in the paired comparison between BL and
W5only in theCombo armandwere not significantly altered in the Fulv arm
(CD68 decreased 0.2 log2 units, p = 0.26; MDSC decreased 0.1 log2 units,
p = 0.17) (Fig. 7).

Discussion
The role of AR in ER+ BC has been controversial. Some preclinical mod-
eling suggested that AR agonismmight inhibit ER+BC11; however, this was

predominantly in model systems that had intact ER signaling. Preclinical
studies from our group and others showed that AR agonism stimulated ER
+ BC in the absence of estrogen/ ER signaling, and AR antagonists
decreased proliferation4,5,12,13. In the metastatic setting, acquired ESR1
mutations in aromatase inhibitor treateddisease had elevatedAR compared
to the primary tumor and non-ESR1mutated metastases14,15. In the present
trial, in patients with primary ER+ BC, AR inhibition with Fulv plus E
demonstrated increased tumor histologic response compared to Fulv alone.
Specifically, PEPI = 0 was achieved more frequently on the Combo arm
(8/33) than the Fulv arm (2/26), although this difference (p = 0.16) did not
meet the pre-specified (p < 0.08) threshold for statistical significance.
Importantly, there were no cases in which AR inhibition stimulated the
growthof ER+BCwhen given together with ER inhibition (asmeasured by
PEPI score or Ki67 response). In fact, no tumors in the Combo arm showed
an increase in Ki67 with treatment, but 3 in the Fulv-only arm exhibited
increased Ki67. Only one patient that had a T3 tumor at the time of diag-
nosis achieved PEPI = 0 and this was on the Combo arm and none of the
PEPI = 0 patients were node-positive (Table 1).

A major strength of this study was the ability to analyze effects on
tumor tissue and plasma using each patient as her own control (via serial
specimens). However, even with a randomized design, this trial had
limitations, including small patient number and limited number of
validated clinical outcome measures. While established by studies con-
ducted by Matthew Ellis and colleagues16, PEPI score is not optimal as a
measure of endocrine therapy sensitivity even with the use of the mod-
ified version that excluded ER Allred scoring (due to the use of fulves-
trant). As has been observed in the ALTERNATE trial, achievement of
PEPI score 0 is rare in patients starting with T3 tumors or nodal invol-
vement as the histologic response to shorter-term exposure to endocrine
therapy is more modest. The PEPI score 0 for our control arm (Fulv
alone) was significantly lower than that observed in the ALTERNATE
trial. This may be in part related to patient selection (over 50% N+) and
shorter duration of preoperative therapy. In addition, since Ki67 sup-
pression was not measured for clinical decision, a failure to suppress did
not lead to early cessation of endocrine therapy in favor of chemother-
apy. Similarly, Ki67 has been used in many trials as a measure of pro-
liferation reduction and clinical response but is not completely reliable
due to variations in measurement techniques and quantification17.
Nonetheless, there was a high level of agreement between Ki67 as mea-
sured by IHC or by RPPA, improving confidence in the Ki67 component
of the PEPI score (Supplementary Discussion 1). Clinical follow-up to
determine 5-year disease-free survival is ongoing, although outcome
may be affected by post-operative therapy, which was not mandated by
this protocol. The choice of 4months duration of neoadjuvant endocrine
therapy was made in 2013, prior to larger trials suggesting that a longer
duration of preoperative therapy, such as 6 months, might result in
greater histologic/clinical response. Exploratory analyses were
hypothesis-generating but limited by small sample size. Therefore, fur-
ther confirmatory clinical trials are currently being designed.

Similar to our trial using Fulv plus E in themetastatic ER+BC setting9,
mTOR pathway activation was greater at BL in tumors with poor histologic
response to treatment, suggesting that certain primary tumors may have
receptor kinase activation (such as HER2 or activating mutations in the
AKT/PI3K/mTOR pathway) that may impart resistance to endocrine
therapy. This suggests that further study of AR blockade may be fruitful in
patientswithmetastatic BC treatedwith endocrine therapyplus PI3K/AKT/
mTOR inhibition. In contrast, activated EGFR at BL was associated with
tumors destined to achieve PEPI = 0. It is interesting to speculate that the
activated EGFR is an indicator of AR activity since ligandedAR upregulates
the EGFR ligand amphiregulin, and this effect was abrogated by E in vitro
and in vivo in preclinical models18.

When comparing BL pretreatment tumor to W5 of therapy, we used
twomeasures of response: PEPI score at time of surgery andKi67 (HighBL/
Low W5 (responsive) versus High BL/High W5 (non-responsive)). In our
study, 25% of tumors were non-responsive, which is similar to the 30% in

Fig. 5 |Metabolomics change with treatment by PEPI score andArm. aDumbbell
plot of the mean log2 fold change in expression with treatment (W5–BL) by PEPI
score (blue: PEPI = 0 (N = 9), orange: PEPI > 0 (N = 41)) and metabolite. Presented
metabolites were significantly (p < 0.1) differently expressed with treatment by the
eBayes moderated t-test. b Dumbbell plot by arm (blue: Combination (N = 29),
orange: Fulvestrant (N = 21)).
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Fig. 6 | Genes and pathways induced by treatment. Paired treated samples were
compared to baseline in the Fulvestrant-only arm (left panel; a, c, e) or the combi-
nation arm (right; b, d, f). Volcano plots display the differential gene expression
results from each comparison (a, b). Select significant genes (FDR < 0.5, red is higher
in treatment and blue is higher in baseline) are labeled in black. Volcano plot

displaying GSEA significance and normalized enrichment scores (NES) for each
comparison with select pathways labeled (c, d). GSEA enrichment plots displaying
select pathways in each comparison (e, f). Below the enrichment score are ticks
indicating the ranked positions of genes from each gene set (positive to negative fold
change).
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ALTERNATE trial16. By RPPA, total AR was the protein that was most
decreased in tumors that achieved PEPI = 0 status compared to PEPI > 0
tumors. In addition, cell cycle, survival and RTK proteins also decreased
with treatment in the PEPI = 0 tumors. It is important to note that 8/10 of
the PEPI = 0 tumors received the Combo treatment. Overall results were
similar when analyzing Ki67 response.

Androgens can have direct effects on immune cells that express AR, as
well as indirect effects mediated by AR-regulated immune-modulating
factors produced by AR-positive tumor cells. Androgens stimulate
immune-suppressive factors19, some of which, e.g., Chitinase 3-like 1
(CHI3L1, also known as YKL-40 in humans or BRP-39 in mice), support
immunosuppressive macrophages, during allergies and cancer20. We pre-
viously found that CHI3L1 is regulated by AR in BC15. In the present study,
gene expression data demonstrated that immune stimulating pathways,
such as T and B cell activation and antigen processing, were markedly
increased by anti-androgen (in the Combo arm). We also observed a sig-
nificant decrease in macrophages and MDSCs with treatment on the
Combo arm (containing anti-androgen) that was not significant in the Fulv
arm. In prostate cancer patients with rising prostate-specific antigen (PSA)
after definitive therapy, randomized to E for 3 months without androgen
deprivation therapy, E was associated with increasing natural killer cells,
naïve-T cells, and decreasing MDSC21, similar to what we observe in the
Comboarm in the present study. In contrast, inAR-independent preclinical
models of anti-androgen resistant prostate cancer, E enhanced MDSCs22,
perhaps because AR in the tumor cells in the AR-independent models was
not regulating factors that attract or enhance MDSCs.

Androgen-activated AR in prostate cancer represses IFN gamma
production, and AR blockade with E sensitizes tumor-bearing hosts to
checkpoint blockade therapy by directly enhancing CD8 T cell
function20. Tumor cell ARmay indirectly affect T cell function. In TNBC
AR positivity is associated with increased tryptophan catabolism
signatures23–25, and the tryptophan catabolite kynurenine expands Tregs
and decreases the viability and functionality of cytotoxic T cells26–28. In
the present study, the plasma of patients treated on the Combo arm
showed evidence of reduced kynurenine pathway catabolites (lower
picolinic acid levels), while tryptophan metabolism through indoles was
increased, suggesting a possible decrease in immune suppression. This
effect was not observed in the Fulv arm. The reduction in tryptophan
catabolism, combined with the observed decrease tumor-associated
macrophages andMDSCs in the Combo arm, suggests that AR blockade
may modulate the tumor immune microenvironment (TIME) in BC (as
it does in prostate cancer), and perhaps create a systemic anti-cancer

mode. ER+ BC is the least immunogenic of the BC subtypes29, is not
particularly sensitive to anti-PD(L)1 therapies and is thought to require
additional immune modulation to make the tumors immunologically
active. Therefore, it is possible that further studies evaluating the
immune status of ER+BCwith ER plus AR inhibition could lead to trials
using immunotherapy to treat ER+ BC. One trial that would further
clarify the role of AR inhibition could be a 2nd line trial in luminal BC that
combines fulvestrant or oral SERD with PI3K/AKT/mTOR inhibition
(considering the observation that mTOR activation appears to be
associated with endocrine resistance9) with or without AR blockade,
with evaluation of tumor immune microenvironment. A second
example would be a 6-month preoperative trial of anti-estrogen therapy
plus AR blockade with an addition of immune therapy by ~4 weeks later,
with biopsies to confirm the immune activation related to AR blockade.
These trials are being designed. Based on the expected low toxicity
profile of this proposed combination, a cdk4/6 inhibitor could poten-
tially be added.

Patients with primary resistance to endocrine therapy also did not
respond well to chemotherapy, as documented in the ALTERNATE trial16.
Thus, endocrine resistance, as manifested by continued proliferation, must
be reversed using novel approaches, including mTOR pathway blockade
and harnessing the immune system. In summary, this randomized phase II
trial of preoperative Fulv with or without E demonstrated that the addition
of AR blockade resulted in a four-fold increase in the number of patients
whose tumors achieved a PEPI = 0 score at the time of surgery 4 months
later. The trial also shows that AR blockade does not have a stimulatory
effect on primary ER+ BC, as some preclinical reports11 had suggested.
Mechanisms for the higher number of PEPI = 0 in the Combo arm may
include blocking the ability of AR to compensate for ER when ER is
degraded by Fulv and/or immune activation by anti-androgen (mediated by
a decrease in immune-suppressive cells), leading to a better antitumor
response.

Methods
Study design and treatments
NCT02955394 (COMIRB 16-1042) was an open-label randomized phase II
trial of fulvestrantwithorwithout enzalutamide. Fulvestrant 500mg IMwas
administered onday 1, 15, 29, and then every 4weeks for a total of 4months.
Enzalutamide 160mg po daily was given concurrently for 4 months for
those women assigned to the combination (Fig. 1A). Surgery was antici-
pated to occur immediately afterweek 17upon completion of enzalutamide;
however, timing was subject to surgeon and operating suite availability. As

Fig. 7 | Myeloid multiplex. Violin plots are presented for each vectra imaging
outcome by treatment arm (Combo, Fulv) and time (BL,W5). Time is on the x-axis,
and the log-transformed outcome is on the y-axis. Gray horizontal lines indicate
time-specific LMM-predicted averages, and points represent the observed outcome
for each of the 576 spectral images collected from 59 patients (N = 33 Combo BL, 26

ComboW5, 23 Fulv BL, 25 FulvW5). P-values were calculated frommodel contrast
statement Z-tests. “n.s.” and “**” indicate non-significance (p > 0.05) and p < 0.01,
respectively. a Violin plot of log2 CD68. b Violin plot of log2 myeloid-derived
suppressor cells (MDSCs). MDSC expression is defined by the percent of
CD14+HLADR−CD68− cells/total cells for this multiplex panel.
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drug supply was limited, enzalutamide could not always be continued until
the day prior to surgery as originally planned. Stratification factors were
institution, clinical node status (N0,N+), and T-stage (T2,T3/4). Pre- or
peri-menopausal women received concurrent ovarian suppression with a
gonadotropin-releasing hormone agonist. The study was conducted at the
Universities of Colorado and Tennessee and Memorial Sloan Kettering
Cancer Center. The study protocol and its amendments were approved by
the respective Institutional Review Boards as well as the Department of
DefenceHRPO committee. All patients provided written informed consent
prior to participating in the study. The study was conducted under the
principles of the World Medical Association, Declaration of Helsinki, and
Good Clinical Practice guidelines of the International Conference on Har-
monisation. The study did not require an Investigational New Drug
Application. Drug support (enzalutamide) was provided by Astellas and
Pfizer as part of this investigator-sponsored research study.

Study population
Eligible patients were women ≥18 years of age with adequate organ and
bonemarrow function and an ECOGperformance score (PS) of 2 or less.
All had primary breast cancer of at least 2 cm in size (≥T2, N0-2, M0)
determined to be ER positive and HER2 negative. Men were excluded
due to potential confounding from androgenic stimuli. History of sei-
zures was exclusionary due to the toxicity profile of enzalutamide.
Determination of AR expression was not a requirement as it was
expected that ~90% of tumors would stain for AR, and the assay has not
yet been validated for clinical decision-making. Concomitant medica-
tions with substantial pharmacokinetic (PK) interaction with enzalu-
tamide were avoided.

Safety and antitumor assessment
All patientswho received at least one dose of enzalutamidewere assessed for
safety biweekly for thefirst 4weeks, then every 4weeksuntil 30days after the
last dose of enzalutamide. Safety and tolerability were determined by
assessment of adverse events (AEs), physical examinations, ECOG PS, vital
signs, and laboratory tests. The severity of abnormal laboratory values and
AEs were classified using the National Cancer Institute Common Termi-
nology Criteria for Adverse Events (CTCAE), version 4.03. SAEs were also
evaluated by Astellas Pharma Global Development, United States. A
monthly teleconference was held amongst the institutional investigators to
review patients and adverse events. An institutional Data Safety and
Monitoring Committee at theUniversity of Colorado also had oversight for
monitoring.

Tissue acquisition
Fresh tumor biopsies (core needle biopsies of the breast) were required at
study entry (BL), and after 4 weeks on therapy (when both Fulv and E were
likely at steady state concentrations) and these were termed “W5” biopsy.
Fresh frozen and fixed tissue was collected at the time of surgery. Lithium-
heparin (LiHep) plasma samples were obtained every 4 weeks until surgery
and 1 month after surgery. After collection LiHep vacutainers were cen-
trifuged for 20min (600 × g), separated plasma was transferred to a 15mL
conical tube, centrifuged a second time for 15min (1500 × g), aliquoted into
500 µL aliquots, and stored at −80 °C until analysis.

Sample size considerations
Simon 2-stage design for combination (experimental) arm was used:
• If ≤3 PEPI = 0 in first 22 patients, then terminate
• If ≥4 PEPI = 0, increase arm size to 34 patients
• Probability early termination 0.52 with 80% power with type I error

rate of 0.08

Concurrent control arm of Fulv alone assumed that a PEPI = 0 score
would be achieved in 16%based on literature experience, requiring a sample
size of n = 27. If the second stage was achieved, 61 patients would be ran-
domized and treated. We anticipated a 10% unevaluable rate.

All statistical analyses were conducted with two-sided tests, and
missing observationswere removed from the respective analyses. Due to the
exploratory nature of biomarker analyses, the type I error rate for all bio-
marker analyses was not adjusted for multiple testing.

Clinical benefit rate by PEPI score
PEPI score was calculated on the extent of residual tumor, the nodal status,
and the Ki67 on the tumor tissue at time of surgery. ER protein was eval-
uatedby IHCbut omitted fromthePEPI score evaluationdue to an expected
downregulation of ERwith the use of Fulv. Inclusion of ER did not alter the
PEPI score.

Demographic and clinical risk factors of progression
To identify the demographic and clinical risk factors of response by PEPI,
the univariate relationships between PEPI (PEPI = 0 (N = 10), PEPI > 0
(N = 49)) and each of the following risk factors with cell sizes of at least 4
were assessed with univariate logistic regression models: age at consent,
Lab AR %, BL and W5 Ki67, and histology (Invasive Ductal Carcinoma
(IDC) versus Invasive Lobular Carcinoma (ILC)). Profile likelihood
confidence intervals and corresponding likelihood ratio test (LRT)
p-values were used.

Serial tissue studies
IHC was performed for ER, progesterone receptor (PR), AR, and gluco-
corticoid receptor (GR), as well as for Ki67 and cleaved caspase 3 as
described previously9. T-tests were used to compare the Combo and Fulv
arms for each IHC outcome and time point. Paired t-tests were used to
evaluatewithin-arm changes over time. The analyses were performed on 59
patients, with data available from 41–55 patients for any given out-
come/time.

Reverse-phase protein array (RPPA)
RPPA was performed as described previously9. Briefly, epithelial cells were
laser capture microdissected from 8 µm frozen sections of BL and W5
biopsies, and extracted proteins were printed in triplicate spots onto
nitrocellulose-coated slides. Slides were probed with primary antibody tar-
geting each of 116 proteins of interest9, followed by biotinylated secondary
antibody (Vector Laboratories Inc, Burlingame, CA, or DakoCytomation,
Carpinteria, CA), tyramide signal amplification (DakoCytomation), and
streptavidin-conjugated IRDye 680 (LI-COR, Lincoln, NE). Total protein
was measured using Sypro Ruby protein blot staining (Molecular Probes,
Eugene, OR). Proteins were imaged with a Tecan PowerScanner (Tecan,
Mannedorf, Switzerland) and analyzed withMicroVigene software Version
5.6. (Vigenetech, Carlisle, MA). Results represent negative control-
subtracted and total protein normalized relative intensity values for each
endpoint within a given patient sample.

To assess differences in phosphoprotein abundance by PEPI response
(response: PEPI = 0, non-response: PEPI > 0), a subset of 54 patients with
bothBL andW5RPPAdatawere analyzed. RPPA sampleswere collected in
two batches for 116 phosphoproteins. Phosphoproteins with available data
for less than 5 subjects per group were removed from the dataset, and the
data were then normalized with the log2 transformation. For each of the
phosphoproteins, BL abundance in the 45 patients with PEPI > 0 was
compared to the 9 patients with PEPI = 0 with moderated t-tests. An
empirical Bayes method was employed to shrink each phosphoprotein’s
sample variance toward a pooled estimate, allowing for powerful and stable
inference30. Variance shrinkage was performed separately for each batch.
The same analysis was then performed to assess whether the change in
expression from BL to W5 of treatment was significantly different across
response groups.

Differences in phosphoprotein abundance by Ki67 response were then
analogously assessed at BL and with treatment (W5–BL). The 13 tumors
with high BL and low W5 Ki67 (High BL/Low W5) were considered
responsive compared to the 9 High BL/High W5, where high Ki67 was
defined as Ki67 > 10% and low Ki67 was defined as Ki67 ≤ 10%.
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Finally, differences in phosphoprotein abundance by histology (ILC
(N = 10), IDC (N = 41)) were similarly assessed at BL and with treat-
ment (W5–BL).

Metabolomics from patient plasma
Plasma metabolomics analyses were performed in a blinded fashion via
UHPLC-MS as previously described9,31,32. Data was acquired on a Van-
quish UHPLC coupled online to an Orbitrap Exploris 120 mass spec-
trometer (Thermo Fisher, Bremen, Germany). Samples were randomized
and analyzed using a 5 min gradient with 15 µL injection in each polarity
mode as described31,32. Solvents were supplemented with 0.1% formic acid
for positive mode runs and 1mM ammonium acetate for negative mode
runs. MS acquisition, data analysis, and elaboration were performed as
described9,31,32.

Differences in metabolite expression were then analyzed by PEPI
response with treatment. Metabolites were collected in one batch, and
observations under the limits of quantification were imputed with
half the minimum of non-missing expression levels of the corre-
sponding metabolite33. The 8 patients missing either BL or W5 data
and one patient missing >50% of metabolites at W5 were then
removed such that the analysis was performed on 50 patients (9
PEPI = 0, 41 PEPI > 0). The data were log2-transformed and analyzed
analogously to the RPPA data with moderated t-tests. Using the same
methods, comparisons by arm were then performed (n = 21 Fulv,
n = 29 Combo).

BioSpyder tumor gene expression assay
Tumor areas from formalin-fixed paraffin-embedded tissue biopsies were
macrodissected to enrich the samples for tumor content. The TempO-Seq
Human Whole Transcriptome kit from BioSpyder was used to lyse and
prepare the samples for shipment. BioSpyder Inc. (Carlsbad, CA) pre-
pared the library. Sequencing of the library was done by the Molecular
Pathology Section of the Pathology Shared Resource. Raw gene read
counts were generated by BioSpyder. Genes with multiple probes were
summed to unique genes. Samples with <40% mapping rate were dis-
carded. Lowly expressed genes were discarded by removing those
expressed in less than 10 samples or with less than 1 count per million
across all samples. The resulting dataset contained 86 samples and
15,199 genes.

Multispectral imaging of tumor-associated immune cells
BL and W5 FFPE biopsies were stained by the University of Colorado
Cancer Center Human Immune Monitoring Shared Resource (HIMSR)
using the following primary antibodies: CD14 (SP192, Abcam,Waltham,
MA), CD68 (KP1, Dakocytomation, Carpinteria, CA), CD80 (B7-1, R&D
Systems,Minneapolis, MN), CD163 (10D6, Abcam), CD209 (C209/1781,
Abcam), HLADR (CR3/43, Abcam), PD-L1 (E1L3N(R), Cell Signaling
Technology, Danvers MA), and pan-cytokeratin (AE1/AE3, Dakocyto-
mation), and were detected with Opal TSA technology (Akoya Bios-
ciences, Marlborough, MA) using a Leica Bond-III autostainer (Deer
Park, IL). Slides were scanned using a Vectra Polaris Quantitative
Pathology Imaging System (Akoya Biosciences), and regions that con-
tained tumor were selected for analysis. There were 576 multispectral
images collected from 59 patients (N = 33 Combo BL, 26 Combo W5, 23
Fulv BL, 25 Fulv W5). First, multispectral images were unmixed, and
tissue and cellular compartments were segmented before cells were
assigned phenotypes using inForm software, and quantitation of the
phenotypes was performed using PhenoptrReports (Akoya Biosciences).

The association between the percentage of Total CD68 cells, treatment
arm, and time was first examined with a cell means linear mixed model
(LMM) of arm-time group (Combo BL, Fulv BL, ComboW5, FulvW5) on
the log of the percentage of total CD68 cells. The log-transformation was
chosen based on visual diagnostics to improve model fit. A random inter-
cept for observation time nested within patients was included. Contrast
statements were then used for arm-time group comparisons. The same

analysis was then performed with the myeloid-derived suppressor cells
(MDSCs), defined as CD14+, HLADR−, and CD68−, as the outcome of
interest (Fig. 7).

Additional analyses
Additional exploratory comparisons were performed but are not pre-
sented in this paper due to space constraints and non-significance. The
associations between all demographic and clinical risk factors of
response were explored univariately with alternative definitions of
response: change in Ki67 (Response: High BL/LowW5, Non-Response:
High BL/High W5) and W5 Ki67 (Response: ≤10%, Non-Response:
>10%). For RPPA, the following comparisons were made: treatment
arms (Fulv, Combo), and an alternative Ki67 definition (LowW5, High
W5, regardless of BL). Ki67 comparisons were also descriptively strati-
fied by arm. Finally, metabolomics analyses compared PEPI (PEPI = 0,
PEPI > 0) at BL.

Statistical software
All analyses were performed in R version 4.0.4 or later34. Differential
expression was calculatedwith the limma R package35. Gene set enrichment
analysis was performed on the fold-changes of each comparison using the
clusterprofiler and fgsea R packages36,37 with the Hallmarks and Gene
Ontology Biological Processes gene set collections from the Molecular
Signatures Database38. Data was visualized using the R packages ggplot239,
ggrepel40, and plotgardener41.

Data availability
BioSpyder data is deposited in GEO accession number GSE271080. The
metabolomics data presented in this study is available at the NIHCommon
Fund’s National Metabolomics Data Repository (NMDR) website, the
Metabolomics Workbench, https://www.metabolomicsworkbench.org,
where it has been assigned Study ID ST003315. The data can be accessed
directly via its Project https://doi.org/10.21228/M82Z4P.

Code availability
Data cleaning and analyses were performed in R version 4.0.4 or later,
with additional packages as described in the “Statistical software” sub-
section of the “Methods.” Analyses were also performed with Bio-
conductor. Code generated to analyze laboratory datasets free of
protected health information is available upon reasonable request to the
corresponding author.
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