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abstract

PURPOSE Epichaperome network maintenance is vital to survival of tumors that express it. PU-H71 is an
epichaperome inhibitor that binds to the ATP-binding site of HSP90 and has demonstrated antitumor activity in
breast cancer xenograft models and clinical safety in patients. PU–positron emission tomography (PET) is
a theragnostic imaging tool that allows visualization of the epichaperome target. In this phase Ib trial, we present
safety and tolerability for PU-H71 plus nab-paclitaxel in HER2-negative patients with metastatic breast cancer
(MBC) and the utility of PU-PET as a noninvasive predictive biomarker.

METHODS We performed a 3 + 3 dose-escalation study with escalating PU-H71 doses and standard nab-
paclitaxel. The primary objective was to establish safety and determine maximum tolerated dose (MTD)/rec-
ommended phase 2 dose. Secondary objectives were to assess pharmacokinetics and clinical efficacy. Patients
could enroll in a companion PU-PET protocol to measure epichaperome expression before treatment initiation to
allow exploratory correlation with treatment benefit.

RESULTSOf the 12 patients enrolled, dose-limiting toxicity occurred in one patient (G3 neutropenic fever) at dose
level 1; MTD of PU-H71 was 300 mg/m2 plus nab-paclitaxel 260 mg/m2 administered every 3 weeks. Common
toxicities included diarrhea, fatigue, peripheral neuropathy, and nausea. PU-H71 systemic exposure was not
altered by nab-paclitaxel administration. Two of 12 patients had partial response (overall response rate, 17%)
and the clinical benefit rate was 42% (5 of 12). Time to progression was associated with baseline epichaperome
positivity and PU-H71 peak standard uptake value (SUV), with more durable disease control observed with high
epichaperome levels.

CONCLUSION The combination of PU-H71 and nab-paclitaxel was well tolerated, with evidence of clinical activity.
More durable disease control without progression was observed in patients with high baseline epichaperome
expression. A phase II trial of this combination with PU-PET as a companion diagnostic for patient selection is
currently planned.

JCO Precis Oncol 4:1414-1424. © 2020 by American Society of Clinical Oncology

INTRODUCTION

In healthy cells under physiologic conditions, normal
cellular function is maintained by the coordinated ac-
tion of a complex protein machinery that consists of
molecular chaperones, cochaperones, and protein-
folding enzymes, collectively called the chaperome.1,2

Although the chaperome acts in protein folding and
degradation, stressors may resculpt the chaperome and
its function.3 Stresses associated with oncogenic trans-
formation may increase connectivity among chaperome
members, which in turn remodels, proteome-wide, the
activity of oncogenic protein pathways. This proteome

remodeling is accomplished by increasing both the in-
teraction strength and number of interactions among the
participant proteins, which is not necessarily accom-
panied by a change in their expression levels. Termed
“epichaperomes,” these chaperome pools therefore
act not as folders but rather as multimolecular
scaffolds that pathologically remodel proteome-wide
cellular processes.3-5

Maintenance of the epichaperome network is vital to
survival of tumors that express it, and cancers with this
altered protein–protein interaction network configu-
ration become susceptible to drugs that target critical
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epichaperome components such as heat shock protein 90
(HSP90), HSC70, HSP-organizing protein, and others.4,6

Targeting HSP90, which resides in the epichaperome, is an
attractive anticancer strategy, and several HSP90 inhibitors
(HSP90i) have been tested in phase I and II clinical
trials.7-15 However, no agent has been approved for use in
clinical practice, and HSP90i development has been
challenging because of a variety of issues, including limited
understanding and insights of heterogeneity of the target
and plasma pharmacokinetics (PK), lack of selectivity for
the epichaperome over abundant HSP90 pools, toxicity,
and lack of predictive biomarkers of response and/or
resistance.

PU-H71 is an epichaperome inhibitor that binds to the
ATP-binding site of HSP90 and kinetically selects for
HSP90 integrated into the epichaperome.4,16 It has dem-
onstrated antitumor activity in xenograft models, including
breast cancer models.17 Single-agent clinical safety has
been established in patients with solid and hematologic
tumors.18 In vitro, the sensitivity of a tumor cell to PU-H71 is
directly proportional to the content of HSP90 integrated in
the epichaperome but is independent of the levels of
chaperome members, HSP90 client proteins, antiapoptotic
proteins, and genetic alterations.4 Therefore, strategies that
enhance the stress in tumor cells and consequently in-
crease the integration of HSP90 into the epichaperome,
such as cytotoxic therapies including nab-paclitaxel, may
be synergistic with PU-H71.19 Each agent administered
alone or together has modest antitumor effects, whereas
the sequential administration of nab-paclitaxel followed by
PU-H71 eradicated xenografted tumors, resulting in cures
in mice. This formed the rationale for conducting this phase
Ib trial to establish the safety and determine the maximum
tolerated dose and/or recommended phase 2 dose (RP2D)
of PU-H71 plus nab-paclitaxel in patients with HER2-
negative metastatic breast cancer (MBC). Secondary

objectives include assessment of PK and clinical activity of
this combination.

The parallel development of a drug-specific pharmaco-
metric/companion diagnostic assay is essential in opti-
mizing clinical development of targeted therapies and an
unmet need for epichaperome-targeted agents.4,20 Our
group has developed a positron-emitting form of PU-H71,
radiolabeled iodine-124 ([124I]-PU-H71), which enables
visualization of the PU-H71 uptake in the epichaperome
target and facilitates noninvasive real-time tumor phar-
macometric measurements.4,18,20,21 PU-positron emission
tomography (PET) informs baseline epichaperome ex-
pression in individual tumors,4 allowing the development of
treatment and predictive biomarkers in parallel. We ex-
plored the potential of PU-PET imaging of tumors at
baseline as a predictive biomarker of clinical benefit to PU-
H71 plus nab-paclitaxel.

METHODS

Study Design and Patient Selection

We conducted a phase Ib, open-label, classic 3 + 3 dose-
escalation trial of PU-H71 plus nab-paclitaxel in patients
with HER2-negative MBC (ClinicalTrials.gov identifier:
NCT03166085). Participants gave informed consent be-
fore entering the study, which was approved by the in-
stitutional research ethics board of Memorial Sloan
Kettering Cancer Center (MSKCC).

Eligibility criteria included patients age ≥ 18 years with
histologically confirmed (ASCO/College of American Pa-
thologists version 2013) HER2-negative MBC. Patients with
estrogen receptor–positive (ER+) MBC were required to
experience disease progression on or be intolerant of at
least one prior endocrine therapy. All patients were required
to receive at least one cytotoxic therapy for metastatic
disease and experience disease progression on their most
recent therapy. Additional eligibility criteria included good

CONTEXT

Key Objective
To test the safety and tolerability for PU-H71 (epichaperome inhibitor) plus nab-paclitaxel in patients with HER2-negative

metastatic breast cancer and the utility of PU–positron emission tomography (PET) as a noninvasive predictive biomarker.
Knowledge Generated
PU-H71 combined with nab-paclitaxel was safe; the frequency of most adverse events was in line with single-agent nab-

paclitaxel, with the exception of GI adverse effects. Maximum tolerated dose of PU-H71 was 300mg/m2 plus nab-paclitaxel
260 mg/m2 administered every 3 weeks. Four out of 12 patients achieved partial response as best overall response (all
triple-negative breast cancer), with two confirmed partial responses. Time to progression was associated with baseline
epichaperome positivity measured by PU-PET.

Relevance
PU-H71 plus nab-paclitaxel is safe. Promising activity was found in this small phase Ib trial. PU-PET worked as a predictor

biomarker of treatment benefit. The study illustrates the power of precisionmedicine approaches beyond panel sequencing
in tailoring effective therapy approaches.

Phase Ib PU-H71/Nab-Paclitaxel in HER2-Negative MBC

JCO Precision Oncology 1415

https://clinicaltrials.gov/ct2/show/NCT03166085


performance status (Eastern Cooperative Oncology Group
performance status , 2), adequate end-organ function,
and life expectancy ≥ 3 months as assessed by the
investigator.

The key exclusion criteria were symptomatic brain or CNS
metastases, any active cancer treatment within 2 weeks of
study treatment, prior treatment with nab-paclitaxel, and
peripheral neuropathy of grade ≥ 2 per National Cancer
Institute Common Terminology Criteria for Adverse Events
(NCI CTCAE), v4.0 at the time of or within 3 weeks of study
therapy. Other exclusion criteria are detailed in the protocol.

Study Treatment

Extrapolating from the phase I monotherapy trial of PU-
H71 and on the basis of tumor pharmacometric mea-
surements that indicated a dose . 180 mg/m2 as target
engaging,20 PU-H71 was administered intravenously over
1 hour, at a starting dose of 225 mg/m2, with plans to test
another dose of 300 mg/m2. Nab-paclitaxel was admin-
istered intravenously over 30 minutes at a standard dose
of 260 mg/m2 on day 1 of a 21-day cycle per the US Food
and Drug Administration (FDA)–approved label for MBC.
Both drugs were administered on the same day, se-
quentially, with nab-paclitaxel first, followed by PU-H71
approximately 6 hours later (61 hour), as guided by the
preclinical data.19 Therapy was continued until progres-
sion, severe or unexpected toxicity, patient withdrawal,
more than two dose reductions for either PU-H71 or nab-
paclitaxel, or death.

Toxicity Assessment and Dose Reduction

Patients were examined and assessed for toxicities during
and before each cycle. Toxicity was graded according to
NCI CTCAE v4.0. Patients were evaluated for dose-limiting
toxicity (DLT) during cycle 1. DLT was defined as any grade
≥ 4 nonhematologic adverse event (AE), any grade 3
nonhematologic AE not improving to baseline or grade ≤ 1
by day 14 (despite adequate supportive care/toxicity
management), grade 4 neutropenia lasting ≥ 7 days, or
febrile neutropenia (more broad criteria for DLT are de-
scribed in the Appendix).

Nab-paclitaxel or PU-H71 dose reductions were not per-
mitted during the DLT period. For dosing beyond cycle 1,
nab-paclitaxel was held if patients experienced any other
grade 3 or 4 toxicity believed to be related to nab-paclitaxel
until symptoms resolved to grade 1/baseline grade. Two
dose reductions for nab-paclitaxel and/or for PU-H71 were
permitted, as described in the Appendix.

PK Assessment

Blood samples for plasma PU-H71 PK were drawn during
cycles 1 and 2 on days 1 and 2. Detailed sample collection
and storage are provided in the Appendix. Plasma con-
centration profiles of PU-H71 and its metabolites as well as
PK parameters including area under the curve (AUC),
pre-dose trough concentration, time to obtain maximum

concentration, clearance, terminal half-life, and volume of
distribution were calculated. The areas under the plasma
concentration–time curves after each single dose (AUC0-
all) were calculated using the log-linear trapezoidal method.

Assessment of Treatment Response

Patients were evaluated for tumor response using com-
puted tomography (CT) of the chest/abdomen/pelvis (CT-
CAP) with contrast and a bone scan or fluorodeoxyglucose
(FDG) PET scan every two cycles (67 days) from start of
therapy according to RECIST v.1.1 criteria.22 The best
overall response (BOR) was defined as the best response
recorded from the start of treatment until progression or
withdrawal from the study. Clinical benefit rate (CBR) was
defined as the proportion of patients with complete re-
sponse (CR), partial response (PR), or stable disease (SD)
lasting for at least 24 weeks. Time to progression (TTP) was
defined as the time from randomization to disease pro-
gression or treatment discontinuation, whichever occurred
first.23

PU-PET Measurement and Clinical Benefit Correlation

Patients had the option to enroll in a companion phase I
diagnostic PU-PET protocol (ClinicalTrials.gov identifier:
NCT01269593) to radiologically assess epichaperome
expression before initiating treatment with PU-H71 plus
nab-paclitaxel in the phase Ib therapy trial. For PU-PET,
patients received a single microdose (nontherapeutic
microdose) of up to 407 MBq of [124I]-PU-H71 intrave-
nously and underwent imaging at 3-4 hours and 20-24
hours after infusion using a single PET/CT scanner. CT
scans for attenuation correction and anatomic coregistra-
tion were performed before [124I]-PU-H71 tracer injection.
Interpretation of PU-PET was done by an experienced
MSKCC nuclear medicine physician (M.P.D.), using ded-
icated PET/CT analysis software.

Coadministration of [124I]-PU-H71 with therapeutic doses
of PU-H71 enabled measurement of [124I]-PU-H71 peak
standard uptake volume (SUVpeak) for the selected lesions
per patient and allowed calculation of tumor-specific drug
concentration (moles) of PU-H71 achieved on a per-lesion
basis, as previously described by our group.20 A Mann-
Whitney (Wilcoxon) test for unpaired data yields was done
to evaluate the correlation between baseline tumor PU-H71
tracer concentrations (SUVpeak) and PU-H71 tumor-
specific molar concentration with TTP. More specific de-
tails about PU-PET technique and data analysis and in-
terpretation are included in the Appendix.

Statistical analyses were performed using GraphPad Prism
(version 7). In each group of data, estimate variation was
considered and is indicated in each figure as SEM. P values
for unpaired comparisons between two groups with com-
parable variance were calculated by two-tailed Student’s
t test. Pearson’s tests were used to identify correlations
among variables.
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RESULTS

Patients and Treatment

Twelve patients were enrolled: six at 225 mg/m2 of PU-H71
and another six at 300 mg/m2. Patients characteristics are
described in Table 1. Median age was 54 years (range, 37-
71 years), five patients were ER+, and the other seven had
triple-negative breast cancer (TNBC). Median Eastern
Cooperative Oncology Group performance status was
0 (range, 0-1). All patients had visceral disease. The me-
dian lines of therapy in the metastatic setting was three
(range, one to seven). Eight patients had received prior
taxane, including four in the metastatic setting.

Overall Safety

All patients were included in the safety analysis. One patient
in cohort 1 developed a DLT of febrile neutropenia. After
dose reduction of nab-paclitaxel and with growth factor
support starting cycle 2, this patient continued treatment
without any further neutropenia. No other DLTs were ob-
served in cohort 2. Hence, the RP2D of PU-H71 was

defined as 300 mg/m2 with 260 mg/m2 of nab-paclitaxel
every 3 weeks.

Overall, the regimen was well tolerated. The most common
nonhematological AEs were grade 1/2, as described in
Table 2. The frequency of most AEs was similar to single
agent nab-paclitaxel, with the exception of GI AEs, which
were noted at higher rates with the combination.24 No
patients required PU-H71 dose reductions. Four patients
required nab-paclitaxel dose reduction, including one
patient who discontinued therapy because of worsening

TABLE 1. Patient and Disease Characteristics
Characteristic Value

Age at study enrollment, years 54 (37-71)

ER+ tumors, 5 (41.5)

Sites of metastases

Bone only 0

Visceral only 6 (50)

Bone + visceral 6 (50)

Lymph nodes 9 (75)

Liver 6 (50)

Lung 8 (66.5)

Subcutaneous 5 (41.5)

ECOG performance status

0 10 (83.5)

1 2 (16.5)

Lines of therapy in met settinga 3 (1-7)

Endocrine lines in met settingb 4 (1-5)

Chemotherapy lines in met setting 2 (1-4)

Patients who received at least one line of chemotherapy 12 (100)

Prior taxane

(Neo)adjuvant 5 (41.5)

Metastatic 4 (33.3)c

NOTE. Data are presented as No. (%) or median (range).
Abbreviations: ECOG, Eastern Cooperative Oncology Group; ER, estrogen

receptor; met, metastatic.
aThree patients received prior immunotherapy, including anti-PD1 therapy and

adoptive T-cell therapy.
bOnly in ER+ patients.
cOne patient received taxane in the neoadjuvant and metastatic setting before

study inclusion.

TABLE 2. Adverse Events With an Incidence of ≥ 10%

Toxicity

PU-H71 (dose 1 and 2 pooled
data) + Nab-Paclitaxel 260 mg/m2

Day 1 Every 3 Weeks

Grade 1-2 Grade 3-4

Diarrhea 9 (75) 1 (8)

Fatigue 5 (42) 1 (8)

Peripheral neuropathy 6 (50) 0

Vomiting 4 (33) 0

Nausea 6 (50) 0

Hypophosphatemia 0 2 (17)

Dizziness 2 (17) 0

Alopecia 6 (50) NA

Myalgia 3 (25) 0

Skin rash 3 (25) 1 (8)

Neutropenia 0 7 (59)

Anemia 0 2 (17)

NOTE. Data are presented as No. (%).
Abbreviation: NA, not applicable.
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FIG 1. Concentration of PU-H71 (ng/mL) during the first 24 hours
after infusion. Plasma pharmacokinetics of PU-H71: Mean con-
centration-time profiles after single doses of 225 or 300 mg/m2

PU-H71 after cycles 1 and 2 combined are shown. Green circles
represent PU-H71 dose level 1 (225 mg/m2) and orange circles
represents PU-H71 dose level 2 (300 mg/m2), both administered
at 6 hours after the nab-paclitaxel infusion.
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peripheral neuropathy. There were no treatment-related
deaths in the study.

Plasma PK

Plasma PK evaluations were carried out in all patients to
evaluate the effect of nab-paclitaxel on PU-H71 absorption
and the PK variability according to PU-H71 dose. Cmax

increased by approximately 111%, with a 56% increase
in the AUCall mean values after the 300 mg/m2 dose

compared with the 225 mg/m2 dose. In addition, harmonic
mean apparent terminal elimination half-life values were
5.7 and 5.9 hours for the 225- and 300-mg/m2 dose
groups, respectively, suggesting similar PK between the two
groups (Fig 1). The systemic exposure to PU-H71 was not
altered by coadministration with nab-paclitaxel, as evi-
denced by similar plasma PK profiles for both single-agent
PU-H7120 (data extracted from NCT01393509) and se-
quential nab-paclitaxel PU-H71 therapy (Appendix).
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FIG 3. Tumor epichaperome positivity predicts durability of disease control without progression. (A) All but one of the nine patients contributed with two
measurable lesions. PU–positron emission tomography measured baseline epichaperome levels (peak standard uptake value [SUV]) in individual tumors
(three patients contributed with six lesions [time to progression (TTP) , 12 weeks] and six patients contributed with 11 lesions [TTP . 12 weeks]). (B)
Tumor-specific molar concentration that is determined to be achieved by the therapeutic PU-H71 dose administered and correlation with TTP. (C)
Correlative analysis between epichaperome levels measured as in A and durability of response on the PU-H71/nab-paclitaxel therapy for patients with triple-
negative breast cancer (TNBC).

Patients enrolled in study (N = 12; 
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toxicity and efficacy analysis 
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Assigned to a separate 
PU-H71 PET protocol

(n = 9) 

Pretreatment [124I]-PU-H71 PET 
paired with pretreatment 

staging scans (CT CAP and bone 
scan/FDG PET)  

(n = 9)

Patients included in analysis 
correlating tumor PU-H71 tumor 

concentration with TTP. All but one 
patient contributed two 

measurable lesions
(n = 9) 

(3 ER+/HER2– and 6 TNBC)

During treatment patients repeated 
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(CT CAP and bone scan/FDG PET) 
every two cycles

(n = 12)

FIG 2. Patient flowchart. CT, computed tomog-
raphy; ER+, estrogen receptor positive; FDG PET,
fluorodeoxyglucose positron emission tomogra-
phy; HER2-negative, human epidermal growth
factor receptor negative; TNBC, triple-negative
breast cancer; TTP, time to progression.
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Antitumor Activity

Of the 12 patients enrolled, the BOR of PRwas noted in four
of 12 (33%) patients, all with TNBC. The confirmed overall
response rate (ORR) was two of 12 (17%), with one PR at
each dose level. Both patients with confirmed PR received
prior taxane, including one in the metastatic setting. This
latter patient who had received five previous therapies for
metastatic disease had a durable PR that lasted 30 weeks.
At the time of the data cut-off of February 21, 2019, clinical
benefit was seen in five of 12 (42%) patients. Specifically,
CBR in TNBC was four of seven (57%) and that for ER+/
HER2-negative breast cancer was one of five (20%). TTP
was 18.6 weeks (95% CI, 11 to 28.7 weeks), with one
patient remaining in the study with SD.

PU-PET as a Predictor Biomarker of Response

Nine of the 12 patients (three with ER+ and six with TNBC)
underwent PU-PET at baseline to measure epichaperome
expression (Fig 2). Each patient had up to two lesions
selected on PU-PET as target lesions (total, 17 target le-
sions for nine patients) for response assessment by CT-CAP
and FDG PET. Of the 17 lesions, three were bone me-
tastases not measurable on CT and assessed by FDG
PET only.

TTP was associated with baseline epichaperome positivity
and PU-H71 SUVpeak, with more durable disease control
without progression (. 12 weeks) observed among patients
with tumors with high epichaperome levels (Fig 3A,
P = .0018).

In epichaperome-positive tumors, the molar PU-H71
concentrations measured by PU-PET weremore likely to be
5 mM and higher (6.5-21 mM) than in epichaperome-
negative tumors, and this also correlated with TTP
(Fig 3B, P = .0011). This estimation of PU-H71 molar
concentration was irrespective of the administered dose of
PU-H71 of 225 or 300 mg/m2, confirming that both doses
delivered effective target-engaging concentrations. We
have previously reported that an intravenous dose of
. 180 mg/m2 of PU-H71 is needed to deliver an intra-
tumoral concentration of at least 5 mM measured at
24 hours after PU-H71 injection and is associated with
effective epichaperome engagement.20 These data also
support the observation that nab-paclitaxel does not in-
terfere with the tumor uptake of PU-H71.

Epichaperome positivity was observed in both ER+ and
TNBC lesions, but the low number of ER+ patients im-
aged on PU-PET precludes meaningful assessments
in this subgroup. For patients with TNBC, we observed
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a significant correlation between TTP and epichaperome
positivity measured by SUVpeak (Fig 3C; P = .0088, r2 =
0.55, Pearson’s coefficient). Four of the six patients with
TNBC were epichaperome positive and remained in the
study without progression for.3months (4.7, 7.3, 8.6, and
. 13 months).

The importance of selectivity for the epichaperome by PU-
PET is further illustrated in Figure 4. These two patients
treated at 225 mg/m2 of PU-H71 underwent FDG PET with
dedicated CT CAP and PU-PET imaging at baseline and
subsequently had another FDG PET with dedicated CT CAP
for response evaluation post PU-H71 plus nab-paclitaxel
therapy. As shown, the patient with epichaperome-positive
tumor on PU-PET at baseline achieved PR (duration of re-
sponse of 34 weeks). This 53-year-old female with metastatic
TNBC had epichaperome-positive lesions in thoracic me-
tastases (Fig 4A), which were also detected on FDG PET
(Fig 4B). FDG PET/CT post treatment with PU-H71 and nab-
paclitaxel demonstrated PR disease (Fig 4C). In contrast,
a 72-year-old patient who had MBC with thoracic metastases
that were detectable by FDG PET (Fig 4E) but showed no
epichaperome positivity on PU-PET (Fig 4D) had progression
at 8 weeks, as demonstrated on FDG PET/CT (Fig 4F).

DISCUSSION

Although targeting genomic alterations has been on the
forefront of drug development, our group has highlighted
the importance of targeting the epichaperome using PU-
H71. Preclinically, PU-H71–sensitive tumors (high epi-
chaperome expressors) were characterized by highly
interconnected or hyperconnected HSP90 and HSP70
chaperome machineries and represent approximately
10% of solid tumors or hematologic malignancies, and this
frequency of high epichaperome expression can be in-
creased up to 60% with a system stressor like nab-
paclitaxel.4 This advanced understanding of how these
chaperome networks form, the way they are regulated, and
how they might be co-opted and augmented with stressors
such as nab-paclitaxel provides us an opportunity to im-
prove our delivery and the potential to achieve greater
success with these agents than has been seen in prior
clinical trials of HSP90i.

To our knowledge, this is the first clinical trial combining PU-
H71 with nab-paclitaxel for treating patients with HER2-
negative MBC. Previous trials of HSP90i have largely been
conducted in patients with HER2-positive MBC.7,10,25-27

Consistent with our preclinical experience and the known
toxicity profiles of both agents, the combination of nab-
paclitaxel and PU-H71 was well tolerated, with only one
DLT of febrile neutropenia in 12 treated patients.

Despite a heavily pretreated population, PU-H71 and nab-
paclitaxel demonstrated an ORR of 17% and a 24-week
CBR of 42%. Of note, responses were observed in patients
with TNBC despite prior taxane therapy for an ORR of two of
seven (29%) for this subset. Median TTP was 18.6 weeks
(95% CI, 11 to 28.7 weeks). Using a more permissive CBR,
as used in other phase I MBC trials, defined as CR + PR +
SD ≥ 16 weeks, the 16-week CBR would be eight of 12
(67%). To place our results in context, the ORR in TNBC in
the second-linemetastatic setting is reported in the range of
6%-15%, and themedian progression-free survival (PFS) is
, 3months.28,29 Hence the activity seen in this small phase
Ib study is promising.

Recently, two phase III trials showed statistically significant
benefit in PFS for patients with metastatic TNBC who re-
ceived checkpoint inhibitor to PD1/PDL1 axis combined with
chemotherapy in the first-line metastatic setting. The com-
bination of nab-paclitaxel plus atezolizumab, tested in IM-
passion130 (ClinicalTrials.gov Identifier: NCT02425891),
has received accelerated approval by the FDA.30 This benefit
and accelerated approval are restricted to patients with PD-
L1–positive tumors, which is approximately 40% of the
population in IMpassion130 (sp142 assay). Unfortunately,
for the remaining larger proportion of patients with PD-
L1–negative metastatic TNBC, there is a continued need
for promising therapies.

Our group has developed PU-PET, a unique companion
theragnostic assay to measure epichaperome expression
and understand real-time tumor pharmacometric mea-
surements.20 In this trial, we demonstrated that tumor
epichaperome positivity at baseline serves as a predictive
biomarker of benefit and that tumors with high tumor
epichaperome expression have prolonged disease control
from treatment with PU-H71 and nab-paclitaxel.

In conclusion, the combination of PU-H71 with nab-
paclitaxel was well tolerated, with an RP2D of PU-H71 at
300 mg/m2. Based on the clinical activity, this combination
warrants additional study, particularly in TNBC. PU-PET
has the potential to serve as a theragnostic platform for
precision medicine targeting of the epichaperome and
serve as predictive biomarker of benefit to PU-H71 com-
bination therapy. Future directions for PU-H71 develop-
ment include a phase II trial of the PU-H71 with nab-
paclitaxel in TNBC PD-L1–negative tumors in the first- or
second-line metastatic setting and continued evaluation of
PU-PET as a correlative imaging biomarker. An important
issue for future trials is to define the optimal interval be-
tween nab-paclitaxel and PU-H71 infusions and determine
how this interval could be affected with the use of an oral
formulation of PU-H71, which is currently in clinical
evaluation.
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APPENDIX

Nab-Paclitaxel and PU-H71 Dose Adjustment

Nab-paclitaxel or PU-H71 dose reductions were not permitted during
the DLT period. For dosing beyond cycle 1, nab-paclitaxel was held if
patients experienced any other grade 3 or 4 toxicity thought to be
related to nab-paclitaxel until symptoms resolved to grade 1/baseline
grade. Two dose reductions for nab-paclitaxel (220 mg/m2 and 180
mg/m2) were permitted. Similarly, two dose reductions for PU-H71 (a
decrease by 50 mg/m2 and 100 mg/m2 from the baseline dose level,
respectively) were permitted.

Blood Sample Collection and Storage for

Pharmacokinetics Assessment

Blood samples for plasma PU-H71 PK were drawn during cycles 1 and
2, on days 1 and 2, at the following time points relative to the start of the
PU-H71 infusion: 5 minutes prior to infusion; immediately after
stopping PU-H71 infusion; +30 minutes; +1.5 hour; +18-24 hours
after stopping infusion of PU-H71, respectively. Each sample was
collected in K2 ethylenediaminetetraacetic acid (EDTA) lavender top
tubes and transferred into two polypropylene tubes (0.5 ml each).
Tubes were stored at minus 70°C or lower prior to sending for analysis.
Plasma concentration profiles of PU-H71 and its metabolites as well as
PK parameters including area under the curve (AUC), pre-dose trough
concentration; time to obtain maximum concentration, clearance,
terminal half-life, and volume of distribution were calculated. The areas
under the plasma concentration-time curves after each single dose
(AUC0-all) were calculated using the log-linear trapezoidal method.

PU-PET Measurement and Clinical Benefit Correlation

Patients received a single microdose (,100 micrograms, non-thera-
peutic dose) of up to 407 megabecquerel (MBq) of [124I]-PU-H71
intravenously and underwent imaging at 3-4 hours and 20-24 hours
after infusion using a single PET/CT scanner (Discovery DSTE, GE
Healthcare Integrated IT Solutions, Barrington, IL). CT scans for at-
tenuation correction and anatomic co-registration were performed
before [124I]-PU-H71 tracer injection. PET data were reconstructed
using a standard ordered subset expected maximization iterative al-
gorithm. Emission data were corrected for scatter, attenuation, and
decay. Interpretation of PU-PET was done by an experienced MSKCC
nuclear medicine physician (M.D.), using dedicated PET/CT analysis
software (AW Centricity Imaging-PACS/AW Suite, GE Healthcare In-
tegrated IT Solutions). The PET appearance of tumors was di-
chotomized into categories of high (termed positive) versus low PU-
H71-avidity (termed negative). High avidity was defined by tumor to
blood pool tracer concentration ratios . 1 at both scan time points,
where ratios ≤ 1 at either time point were considered low avidity. [124I]-
PU-H71 tracer concentrations in tumors and non-tumor tissues were
measured from reconstructed PET images from each time point. [124I]-
PU-H71 tracer amounts were quantified in terms of standard uptake
value (SUV). SUV was calculated as (PET-measured activity per cc of
tissue-of-interest) divided by (total activity injected ÷ total grams of

body mass). SUVpeak represents the average voxel SUV values within
a 1cm3 spherical region of interest that includes the highest SUV voxel.
For each patient, we calculated the tumor-specific molar concentra-
tions that would be achieved by the therapeutic PU-H71 dose to be
administered, predicted by tumor SUV measurements from the pre-
treatment tracer microdose [124I]-PU-H71 PET scans, using the fol-
lowing formalism:

�
PU-H71tumor

�
t
� PU-H71dose $

�
Atumor

�
t

100%
$1

�
0.8 $1 × 106�512 µM,

Where [PU-H71tumor]t is the PET-derived intratumoral PU-H71 con-
centration (µM) ; PU-H71dose is the single therapeutic dose (mg) of
nonradioactive PU-H71 administered for that patient each cycle;
[Atumor]t is the tumor tracer concentration (in percentage of injected
tracer-dose per cc tissue) measured by PET (divided by 100% to
convert to decimal form); 0.8 (mL/g) is a typical tumor water space ;
512 is the molecular weight of PU-H71 ; and factor 1×106 converts the
molar metric prefix to µM. PUH71 tracer was absent from blood pool by
the 24-hour time point, thus no correction was needed for tumor blood
pool activity at that time point.

Dose-Limiting Toxicity

The dose-limiting toxicity (DLT) observation period starts at Day 1 of
Cycle 1, up to and including the assessments prior to drug admin-
istration on cycle 2, day1. Dose-limiting toxicity is defined as any of the
following events:

• Any grade ≥ 4 nonhematologic adverse event.

• Any grade 3 nonhematologic adverse event not improving to baseline
or grade ≤ 1 by day 14, despite adequate supportive care/toxicity
management, unless listed below

• Any grade ≥ 3 elevation of liver enzymes of any duration

• Grade 4 thrombocytopenia

• Any grade 3 thrombocytopenia that has not recovered to grade ≤ 2
by day 7

• Grade 4 neutropenia lasting ≥ 7 days

• Febrile neutropenia

• Any treatment-related toxicity prompting a dose reduction of PU-H71
or nab-paclitaxel during the DLT observation period

• Grade ≥ 3 non-hematologic adverse event that is not due to disease
progression or another clearly identifiable cause with the following
exceptions: alopecia of any grade; grade 3 diarrhea that responds to
therapy; grade 3 nausea or vomiting in the absence of premedication
that responds to therapy.

• Grade. 3 laboratory toxicities that are thought by the investigator to
be clinically insignificant or related to an underlying condition will be
discussed with the principle investigator and may not be considered
DLT.
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FIG A1. Plasma pharmacokinetics of PU-H71 +/- nab-pacli-
taxel. Concentration-time profiles after single doses of 225 or
300 mg/m2 PU-H71 on the PU-H71-nab-paclitaxel therapy
(blue squares, n = 12) and after 180 through 300mg/m2 (n = 11)
on the single agent PU-H71, dose escalation therapy
(NCT01393509, red squares). Values are mean 6 SD.
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