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Histone deacetylase inhibitors (HDACIs) may overcome endocrine
resistance in estrogen receptor-positive (ER+) metastatic breast
cancer. We tested whether '8F-fluoroestradiol PET imaging would
elucidate the pharmacodynamics of combination HDACIs and en-
docrine therapy. Methods: Patients with ER+/human epidermal
growth factor receptor 2 (HER2)-negative metastatic breast cancer
with prior clinical benefit from endocrine therapy but later progres-
sion on aromatase inhibitor (Al) therapy were given vorinostat (400
mg daily) sequentially or simultaneously with Al. '8F-fluoroestradiol
PET and '8F-FDG PET scans were performed at baseline, week 2,
and week 8. Results: Eight patients were treated sequentially, and
then 15 simultaneously. Eight patients had stable disease at week 8,
and 6 of these 8 patients had more than 6 mo of stable disease.
Higher baseline '8F-fluoroestradiol uptake was associated with
longer progression-free survival. '8F-fluoroestradiol uptake did not
systematically increase with vorinostat exposure, indicating no
change in regional ER estradiol binding, and '®F-FDG uptake did
not show a significant decrease, as would have been expected with
tumor regression. Conclusion: Simultaneous HDACIs and Al dosing
in patients with cancer resistant to Al alone showed clinical benefit
(6 or more months without progression) in 4 of 10 evaluable pa-
tients. Higher '8F-fluoroestradiol PET uptake identified patients
likely to benefit from combination therapy, but vorinostat did not
change ER expression at the level of detection of '8F-fluoroestradiol
PET.
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N early two thirds of invasive breast carcinomas express the
estrogen receptor (ER) (/). Endocrine therapy is the mainstay of
treatment for these tumors, because of a favorable toxicity profile
and efficacy. For postmenopausal women with advanced or meta-
static hormone receptor—positive disease, whose disease is consid-
ered treatable but not curable, the initial standard-of-care treatment
is aromatase inhibitors (Als) with or without cyclin-dependent ki-
nase 4/6 inhibition (2). On progression, salvage endocrine therapy
with molecularly targeted agents or chemotherapy is indicated (3).
Recent phase III trials combining later-line endocrine therapy with a
targeted agent, such as palbociclib, alpelisib, or everolimus, have
demonstrated considerable improvement in outcome (4—6) over en-
docrine therapy alone.

Epigenetic modulation by histone deacetylase inhibitors (HDACISs)
has been proposed as a mechanism to reverse endocrine resistance
(7). The transcription of ERs is regulated by epigenetic modifica-
tions, including histone deacetylases, and HDACIs reverse resis-
tance to antiestrogen therapies in vitro (8—/2). HDACI activity has
been shown to increase breast cancer drug sensitivity in vitro
(13,14), and cell lines engineered for endocrine resistance dem-
onstrated restored endocrine sensitivity after treatment with an
HDACI (7,15).

Clinical studies have shown promising results when combining
endocrine therapy with HDACISs, including exemestane with
entinostat (/6), tamoxifen with vorinostat (/7), and a randomized
phase III study (NCI-E2112; trial NCT02115282 at Clinical-
Trials.gov) of endocrine therapy plus entinostat or placebo in pa-
tients with hormone receptor—positive advanced breast cancer
18).

I8F_fluoroestradiol PET measures ER status (/9,20), and '8F-
fluoroestradiol uptake predicts response to endocrine therapy
(21-24). '8F-FDG PET measures tumor glycolytic activity; a de-
crease in '8F-FDG PET has been shown to be a robust measure of
early response of breast cancer to endocrine therapy and chemo-
therapy (25,26) and is prognostic in metastatic breast cancer
(27-29). We hypothesized that serial '3F-fluoroestradiol and !8F-
FDG PET imaging could assess restored endocrine sensitivity in
patients with ER+ tumors with prior clinical benefit from
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and tumor response was assessed by RECIST
in patients with measurable disease or clinical
signs of progression (32). Patients were also
followed for progression-free survival (PFS).
Patients with response or stable disease were
offered continuation of study treatment on the
same schedule until disease progression, unac-
ceptable toxicity, or study withdrawal.
I8F_fluoroestradiol was synthesized at the
University of Washington according to the
requirements for investigational new drug

FIGURE 1.

endocrine therapy but later progression on an Al and could be
used to predict treatment response.

Vorinostat is a potent HDACI targeting class 1 and 2 histone
deacetylases, with antitumor activity seen in phase I trials (30). How-
ever, a phase II trial to determine the response rate of single-agent
vorinostat (200 mg orally twice daily, administered for the first 14
d of each 21-d cycle) in 14 patients with stage IV metastatic breast
cancer failed to reach its primary endpoint (37), suggesting that ER
targeting in addition to HDACIs may be essential. Vorinostat com-
bined with endocrine therapy has shown promise (/6,17), suggesting
that HDACIs might be combined with Als to effectively target ER+
tumors and potentially overcome resistance in patients whose tumors
may have endocrine sensitivity. The combination of HDACISs in syn-
ergy with Al may result in resensitization to endocrine therapy.

We used correlative molecular imaging (!8F-fluoroestradiol
PET and FDG PET) in our study of combined vorinostat and Al
therapy, to examine the impact of HDACIs on tumor ER expres-
sion and metabolism.

MATERIALS AND METHODS

Patients

Eligible patients had metastatic breast cancer and were required to
have had documentation of prior clinical benefit from endocrine
therapy and subsequent progression while on an Al. Prior chemother-
apy was allowed. Patients agreed to a study of Al therapy with
vorinostat, imaging with '8F-fluoroestradiol PET and '3F-FDG PET,
and clinical follow-up of up to 5 y. The institutional review board
approved this study, and all subjects gave written informed consent.
Additional eligibility criteria are shown in Supplemental Table 1 (sup-
plemental materials are available at http://jnm.snmjournals.org).

Study Design and Treatment Plan

An open-label phase II clinical trial was conducted on 2 cohorts.
Initially, patients were given vorinostat, 400 mg orally daily for 2 wk,
followed by an Al daily for 6 wk. As emerging data demonstrated the
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Study schema. CA = cancer; h/o = history of; Rx = therapy.

101203, as previously described (32). '8F-
FDG was purchased commercially from Cardi-
nal Health. All doses underwent quality control
testing before injection.

I8F-fluoroestradiol PET imaging was per-
formed as previously described (32). '8F-FDG PET imaging was per-
formed according to the clinical protocol. All imaging was done on a
whole-body PET scanner (Advance; GE Healthcare) or PET/CT scan-
ner (Discovery STE; GE Healthcare). Torso surveys covering 5 adja-
cent 15-cm axial fields of view beginning approximately 60 min after
isotope injection were used for analysis.

Image Analysis

I8F-fluoroestradiol PET scans were qualitatively and quantitatively
analyzed. For each site of active disease, 2 trained observers masked to
the clinical data but with access to '3F-FDG PET and other correlative
imaging studies qualitatively determined if '3F-fluoroestradiol uptake
above background levels was present at known sites of disease. Any
differences between observers were resolved by consensus, with only 1
value recorded. Analysis of '8F-fluoroestradiol and '3F-FDG PET im-
ages was based on prior experience using combined imaging to predict
endocrine responsiveness (23). Uptake was quantified using lean body
mass—adjusted (33) SUVean (SULpean) for '8F-fluoroestradiol and
SUV,,ax for 8F-FDG. Regions of interest were generated around the
SUV ax for '8F-FDG studies. Regions of interest of approximately 1.5-
cm diameter were drawn on 3 adjacent planes using PMOD software
on the '8F-fluoroestradiol images over the same lesions as in the
I8F-FDG images. Up to 10 lesion sites on the static torso survey
were quantified. Predefined patient-level summaries were selected
on the basis of the results of a prior study in which a patient-level
I8F-fluoroestradiol uptake summary (SULy,c,,) Of less than 0.85 pre-
dicted inferior PFS on endocrine monotherapy for patients with an
BBE-FDG SUV ., of 2.2 or greater (23). These patient-level summa-
ries were the geometric mean for up to 3 lesions with the highest
I8F-FDG SUV ux:

Patient-level '8F-fluoroestradiol uptake summary =

antilog[<21og(lgp — FES SULmean)/n,)] Eq. 1
1
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TABLE 1
Patient Characteristics at Enrollment

Characteristic

Data

Sequential cohort (n = 8)

Age (y) 55 (44-74)
Duration of metastatic disease (y) 5 (2-12)
Prior chemotherapy regimens (neoadjuvant, adjuvant, metastatic) 3.5 (1-9)
Prior endocrine regimens 4.5 (2-6)
Number of lesions 5(2-9)
Sites of disease
Soft tissue or bone 6 (75%)
Includes visceral disease (lung or liver lesions) 2 (25%)
Average "8F-FDG SUVax* 4.7 (3.6-9.9)
Average '8F-fluoroestradiol SULmean* 1.3 (0.6-4.0)
Average '8F-fluoroestradiol SUVax 3.3 (1.9-7.6)
Simultaneous cohort (n = 15)
Age (y) 65 (32-76)
Duration of metastatic disease (y) 4 (0.5-10)
Prior chemotherapy regimens (neoadjuvant, adjuvant, metastatic) 4 (2-10)
Prior endocrine regimens 3 (2-5)
Number of lesions 7 (1-10)
Sites of disease
Soft tissue only 2 (13%)
Soft tissue or bone 6 (40%)
Includes visceral disease (lung or liver lesions) 7 (47%)
Average "8F-FDG SUVa,* 5.2 (2.7-12.8)
Average '8F-fluoroestradiol SULmean* 1.2 (0.4-3.9)
Average "8F-fluoroestradiol SUV pax 3.2 (0.9-10.1)

*Geometric mean of up to 3 lesions with highest 8F-FDG SUVpax.

Qualitative data are numbers followed by percentages in parentheses; continuous data are median followed by range in parentheses.

Patient-level '8F-FDG uptake summary =

amilong'log(lgF — FDG SUVmax)/n,-ﬂ Eq. 2
1

The percentage change in uptake from baseline between '8F-fluo-
roestradiol and '8F-FDG PET scans was computed at the lesion level
and for patient-level summaries.

Statistical Methods

The primary objective was to estimate the extent of clinical benefit,
defined as freedom from progressive disease for 6 mo after the start of
therapy. In the original protocol (sequential cohort), a clinical benefit in 3
or more of 20 patients would indicate a promising treatment. The
amended protocol (simultaneous cohort) updated the criteria to clinical
benefit in 2 or more of 14 patients (so that the lower bound of a 90% score
CI would exceed the null rate of 5%). Secondary objectives included
assessment of safety, PFS, and overall survival (OS) from the start of
study therapy; restoration of endocrine sensitivity (by '8F-fluoroestradiol
PET); and tumor metabolic response (by '8F-FDG PET). Restoration of
endocrine sensitivity (i.e., an increase in ER expression measured by
radioligand binding) could be indicated by qualitative '8F-fluoroestradiol

uptake above background levels at a postbaseline scan for a lesion that
was qualitatively '8F-fluoroestradiol-negative at baseline, or by passing
an arbitrary threshold of a 20% increase in '8F-fluoroestradiol SULeqn-
Lesion-level analysis of time trends in 'F-fluoroestradiol and '®F-FDG
uptake (log-transformed) and relationships with clinical benefit used
linear mixed-effects models with patient- and lesion-level random
intercepts.

RESULTS

Eight patients enrolled in the sequential cohort; 16 patients
enrolled in the simultaneous cohort, including 1 patient later
identified as a screening failure who never received study therapy.
Table 1 describes the characteristics of the treated patients in each
cohort. All patients were female; most had extensive prior expo-
sure to both endocrine therapy (range, 2—6 lines) and cytotoxic
chemotherapy (range, 1-10 lines). The number of lesions ranged
from 1 to 10 for all patients in both cohorts, and the location of
metastases was not a reason for exclusion. Individual patient
imaging and efficacy data are shown in Supplemental Tables 2
and 3.

186  THE JoURNAL OF NUCLEAR MEDICINE ¢ Vol. 62 ¢ No. 2 * February 2021



6856-01 o
X Stop study therapy
6856-02 ® Progressive disease
6856-03 = @ Death
O End of follow-up (patient still alive)
6856-04
6856-05
6856-06
6856-07 “«—e
6856-08 e
7841-08
7841-10 - ad
7841-11 -
784112 —e
784113 “~—————————————%
7841-14 —e
7841-15 =
7841-16 —
784117 —o—e
784118 xe—s
7841-19 —e
7841-20 *———e
7841-21
7841-23 -
7841-24 e mm—
0 20 40
Time (mo)

FIGURE 2. PFS and OS per patient (6,856 = sequential cohort; 7,841 =
simultaneous cohort).

Efficacy Analysis

In the sequential cohort (n = 8), 2 patients withdrew during
cycle 1 because of vorinostat toxicity (grade 3 fatigue) and were
not evaluable for week 8 response. Four patients had progressive
disease at week 8, and 2 patients had stable disease at week 8
(33%; 90% CI, 12%—-65%), with eventual progression at 4 and 7
mo from the start of therapy.

In the simultaneous cohort (n = 15), 5 patients were not evalu-
able for week 8 response: 2 had rapidly progressing disease during
cycle 1, and 3 chose to withdraw from study treatment because of
adverse events, including grade 3 hyperglycemia, grade 3 dizzi-
ness, and grade 2 rigor or chills. Four of the remaining 10 patients
had progressive disease at week 8; the proportion of evaluable

patients with stable disease at week 8 was therefore 60% (90%
CI, 35%—81%). Four patients in the simultaneous cohort experi-
enced clinical benefit for at least 6 mo on study therapy without
progressive disease.

PFS and OS are reported for each patient in Figure 2. The
median PFS for the 8 patients in the sequential cohort was 3 mo
(range, 2—-13 mo), and the median OS was 29 mo (range, 16-54
mo). In the simultaneous cohort, the median PES was 2 mo (range,
0-21 mo); OS includes 1 patient still alive 55 mo after starting
study therapy; a Kaplan—-Meier estimate of median OS is 19 mo
(range, 1-55 mo).

Toxicity

Twenty-five adverse events were recorded in 12 of the 23
patients. Grade 3 and 4 adverse events are listed in Table 2, with
the full list presented in Supplemental Table 4. Most adverse
events, including grade 3 fatigue and grade 2 nausea or vomiting
likely related to vorinostat, occurred during the first month and
were self-limiting with supportive care. Side effects at later cycles
were uncommon; renal insufficiency led to a vorinostat dose re-
duction at 161 d, and another patient had muscle cramps also at
161 d (for which vorinostat was withheld and then reduced), fol-
lowed by an unrelated fracture at 496 d. No adverse events oc-
curred as a result of '8F-fluoroestradiol imaging.

Imaging

Both !8F-fluoroestradiol and '8F-FDG PET imaging were com-
pleted before therapy, after week 2, and after week 8, unless patients
had already gone off study therapy (2 patients in the sequential
cohort and 5 in the simultaneous cohort), or when '8F-fluoroestra-
diol PET (2 sequential, 4 simultaneous) or '8F-FDG PET (1 simul-
taneous) was not performed because of scheduling or other
difficulties. Patient-level geometric means for !8F-fluoroestradiol
SUL can and '8F-FDG SUV ., for up to 3 lesions with the highest
baseline '8F-FDG SUV,,,,, are shown in Figure 3. Lesion-level data
are displayed in Supplemental Figure 1. The median value of the
geometric means for baseline '3F-FDG SUV ., for the 3 most '8F-
FDG-avid lesions was 4.9 (range, 2.7-12.8). All these baseline '8F-
FDG uptake summaries were above our previously determined

TABLE 2
Grade 3+ Toxicity Summary

Patient no. Toxicity Grade SAE? Days on vorinostat  Relation to vorinostat  Relation to Al

Sequential cohort

3 Fatigue 3 No 3 Very likely Not related

6 Flulike syndrome 3 Yes 24 Not related Not related

8 Fatigue 3 No 10 Very likely Not related
Simultaneous cohort

14 Dizziness 3 No 4 Possible Doubtful

15 Liver dysfunction/failure 4 Yes 4 Not related Not related

23 Hypermagnesemia 3 No 19 Doubtful Not related

23 Neutrophils 3 No 19 Very likely Not related

24 Diarrhea 3 No Very likely Not related

24 Hyperglycemia 3 No 7 Possible Not related

SAE = serious adverse event.
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FIGURE 3. Geometric mean '8F-fluoroestradiol SULean and '8F-FDG SUV,ax for up to 3 le-
sions per patient (highest baseline 8F-FDG SUV,,4,) in sequential and simultaneous cohorts.

threshold of 2.2 (23), suggesting glycolytically active, relatively ag-
gressive disease. The median value for '8F-fluoroestradiol SULeqn
geometric mean (the 3 most '8F-FDG-avid lesions) was 1.3 (range,
0.4-4.0). Most patients (18/23, 78%) had a baseline average 'SF-
fluoroestradiol SUL,,.,, of at least 0.85 (23). Patients with a baseline
average '8F-fluoroestradiol (SUL e = 0.85) had a higher average
PFS (median, 2.9 mo; 95% CI, 1.9-6.7) than patients with a baseline
18F_fluoroestradiol SUL e,y Of less than 0.85 (median, 1.7 mo; 95%
CI, 0.8-5.9) (log-rank P = 0.036) (Supplemental Fig. 2). In qualita-
tive assessments, baseline '®F-fluoroestradiol uptake was at or below
the background level for all lesions in 4 of the 5 scans with a geo-
metric mean '8F-fluoroestradiol SUL ., of less than 0.85 (Supple-
mental Table 2). In the fifth scan, 1 lung lesion (quantitative SUL ean,
0.94) was above the background level and 1 (quantitative SUL ;,¢qn,
0.43) was not. Single qualitatively '8F-fluoroestradiol-negative le-
sions in patients with 3 or more 8F-fluoroestradiol-positive lesions
occurred in 2 other cases (Supplemental Table 2).

Vorinostat did not systematically increase !'8F-fluoroestradiol
uptake for patients in either cohort. For example, of 5 patients
with fluoroestradiol-negative (geometric mean '8F-fluoroestradiol
SUL, <0.85) imaging at baseline, none had an average '3F-fluo-
roestradiol SUL ., of 0.85 or more on any subsequent scan
(Supplemental Table 2). Three patients had a more than 20% in-
crease in geometric mean !8F-fluoroestradiol SUL from baseline
to 2 wk, but none maintained this increase at 8 wk. One patient
who did not have an increase at the 2-wk scan had a more than
20% increase in geometric mean '8F-fluoroestradiol SUL at 8 wk.
Representative '8F-fluoroestradiol and '3F-FDG image examples
are shown for a patient with progressive disease (Fig. 4) and with
clinical response (Fig. 5).

Associations between imaging measures and the primary endpoint
(clinical benefit, PFS = 6 mo) were explored further in the simulta-
neous cohort (the primary efficacy analysis cohort). Analysis of 86
lesions in 15 patients corroborated observations from the patient-level
descriptive analysis. Baseline or pretreatment '®F-fluoroestradiol
SUL,,can Was estimated to be 171% higher (P = 0.03; 95% ClI,
11%—-565%) for patients with clinical benefit (baseline fitted average,
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were in bone, where progression is often
slower than in visceral metastases (29).

The combination of an HDACI (vorino-
stat) and an Al is an active and durable
treatment regimen for ER+/human epider-
mal growth factor receptor 2 (HER2)-negative metastatic breast
cancer. Despite prior disease progression on prior endocrine ther-
apy, approximately half of evaluable patients had stable disease at
8 wk, with 40% of patients in the simultaneous cohort remaining
on treatment for more than 6 mo. Two patients had an extended
benefit of 16 and 21 mo until progression. These results are con-
sistent with other phase II studies combining HDACIs and endo-
crine therapy (/7). The combination of vorinostat and Al was
relatively well tolerated, and Als were recycled; thus, the observed
benefit is likely from the activity of vorinostat or synergy with
the AL

There are limitations to this study. Although several lesions were
available per patient for evaluation, the total number of patients

'8F-FES ¥F-FDG
1 1
Baseline % SUL ppgan = 0.9 Baseline % SUV,.,=8.0
¥ (R
.
Week 2 21— SULrean= 13| | ok 2 se——SUV,, =6.0
o
A 9
e SUL .= 1.1 #<—SuUv, =132
Week 8 Q Week 8 q "-&
[ -
9. =z 0
FES SUV FDG SUV

FIGURE 4. 47-y-old woman in sequential cohort (patient 2). Patient
had 2 metastases from invasive ductal carcinoma to lung. Primary lesion
was ER-positive, PR-positive, and HER2-negative. Although '8F-fluo-
roestradiol SULyean rose slightly and '8F-FDG SUV,,ax decreased after
2 wk of therapy, lesion size appeared stable. At 8 wk, with more than
doubling of '8F-FDG SUV.x from second scan, RECIST measure
showed 37% increase in lesion size, indicating progressive disease.
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CONCLUSION

We found that '8F-fluoroestradiol PET
predicts response to HDACI/AI therapy
and that '8F-fluoroestradiol uptake remains
stable during the initial 8 wk of treatment.
This study also suggests that the addition of
vorinostat to Al in patients with ER+
breast cancer results in tumor response or
stable disease in about half of evaluable
patients who had progressed on prior endo-
crine therapies. Our results support further
study of serial molecular imaging along
with combined HDACIs and Al therapy
(such as ECOG-ACRIN study E2112), to
further delineate the role of HDACIs and
potential biomarkers in Al-refractory ER+
advanced breast cancer.

U DISCLOSURE

0
FDG suv

FIGURE 5. Mediastinal lymph node lesions in 53-y-old woman in simultaneous cohort (patient
12). Patient had history of ER-positive, PR-positive, HER2-negative invasive ductal carcinoma in
right breast. Uptake on both '8F-fluoroestradiol and '8F-FDG imaging remained stable through all
3 time points. RECIST measures also showed stable disease. She remained on study therapy for

6.7 mo until disease progression.

evaluated was small (n = 23), and not all patients completed the
study (some because of vorinostat toxicity). In addition, contempo-
raneous tissue biopsy of each lesion cannot be available as a bio-
marker to predict efficacy. Restoration of endocrine sensitivity was
defined both qualitatively and quantitatively, but it is necessary to
note that '8F-fluoroestradiol measures the functional ability of ER
to bind and concentrate ligand, and ER is not, by itself, a marker
of sensitivity. It is also important to note that rigorous protocols
are needed to ensure measurement precision. Our centers imple-
ment a qualification process using National Institute of Standards
and Technology-traceable reference sources for scanners and
dose calibrators, regular calibration, and common patient and
imaging protocols yielding highly reproducible SUV measure-
ments (34,35).

Study inclusion criteria selected patients who had benefitted from
endocrine therapy before developing resistance. It is expected that
we would see ER expression, but the question remains as to whether
this predicts response to endocrine (recycled) therapy plus a
molecularly targeted agent such as vorinostat. We suspect that
persistent ER binding measured by '8F-fluoroestradiol shows a like-
lihood of endocrine clinical benefit. A challenge in managing these
patients is that multiple pathways may override the endocrine sen-
sitivity, which would explain persistent ER function measured by
I8F-fluoroestradiol in the face of progressive disease.

This study validates prior observations that baseline high '8F-
fluoroestradiol predicts PES on later-line Al therapy (here in com-
bination with vorinostat), with the qualitative status of “most
lesions” as an accurate patient-level summary of '8F-fluoroestra-
diol uptake (36).

Serial '8F-fluoroestradiol and '8F-FDG PET imaging can be
used to monitor the effect of the combination of an HDACI (vor-
inostat) and an Al on ER expression and tumor glycolytic rate in
metastatic breast cancer.
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KEY POINTS

QUESTION: Can molecular imaging ('8F-fluoroestradiol and '8F-
FDG PET) be used to image the potential resensitization of ERs in
ER+ metastatic breast cancer patients who received therapy with
an HDACI and an Al?

PERTINENT FINDINGS: Higher 8F-fluoroestradiol PET uptake
at baseline predicted response to HDACIs/Al therapy. The ad-
dition of vorinostat to Al in patients with ER+ breast cancer
resulted in tumor response or stable disease in about half of
evaluable patients who had progressed on prior endocrine
therapies.

IMPLICATIONS FOR PATIENT CARE: Serial molecular imaging
along with combined HDACI and Al therapy may further delineate
the role of HDACIs and potential biomarkers in Al-refractory ER+
advanced breast cancer.
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