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Abstract

Androgen deprivation therapy (ADT) forms the cornerstone of treatment in locally-advanced and
metastatic prostate cancer (PCa). Since the growth hormone-insulin like growth factor (GH-IGF-1)
axis has been implicated in prostate tumorigenesis, we aimed to evaluate the association between
IGF-1 and its binding proteins on outcomes in men with metastatic PCa treated with ADT, with
or without docetaxel (D). We analyzed serum samples for IGF-1 and its family proteins from
baseline, 6 months post-randomization and at the time of progression in men enrolled to receive
ADT +/- D in the phase 3 CHAARTED trial. The key outcomes were time to development of
castrate-resistant prostate cancer and overall survival (OS). 560 patients had samples available for
analysis. At 6 months, significant increases in IGF-BP1 (mean A+27.4%, p=0.033), IGF-BP 3
(mean A +10.3%, p<0.001) and IGF-BP4 (mean A +31.1%, p<0.001) were seen in the ADT+D
group, while the ADT group showed an increase in IGF-BP3 (mean A +5.5%, p=0.015). A

higher IGF-1:1GF-BP1 ratio at baseline and after 6 months was associated with improved OS in
both the ADT (baseline: HR=0.77, p=0.026; 6 months: HR=0.83, p=0.036) and ADT+D groups
(baseline: HR=0.78, p=0.04; 6 months: HR=0.81, p=0.018). Patients with a log,glGF-1:IGF-BP1
ratio >1.3 at baseline had improved OS when meta-analyzed with data from a prior cohort
(HR=0.71). Higher baseline and 6-month IGF-1:1GF-BP1 ratio was associated with better OS.
Further exploration of the IGF-1 axis will be important to assess its role as a predictive biomarker
and to target this axis in therapeutic trials.
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INTRODUCTION

Androgen deprivation therapy (ADT) (i.e. testosterone suppression) either medically, with
LHRH and GnRH agonists or antagonists, or surgically, with bilateral orchiectomy, forms
the cornerstone of management of advanced prostate cancer (PCa). In men with metastatic
disease, ADT is typically continued indefinitely, with duration of therapy lasting up to
several years based on data from contemporary clinical trials.(Sweeney et al., 2015, James
etal., 2017, Davis et al., 2019) The natural history of advanced PCa is development of
castrate-resistance (CRPC) after an initial clinical and biochemical response to ADT in most
patients.

There is a large body of evidence suggesting that the growth hormone-insulin like growth
factor 1 (GH-IGF-1) axis is involved in the development of a variety of solid cancers,
including PCa.(Pollak, 2012) Preclinical data has shown that IGF-1 stimulates growth of
PCa cell lines via activation of the MAPK and PI3K pathways.(DiGiovanni et al., 2000)
Epidemiologic data have demonstrated an association between higher circulating IGF-1
levels and an increased risk of incident PCa.(Qian and Huo, 2020) Similarly, patients with
acromegaly have a higher risk of developing prostate enlargement and PCa, with some

data showing increased PCa mortality.(Watts et al., 2020) We have previously shown that
increased serum concentrations of IGF-BP1 at baseline are associated with shorter time to
CRPC and poorer OS in men receiving ADT for metastatic PCa.(Sharma et al., 2014a)
Despite these data implicating an important role for IGF-1 signaling in PCa, clinical trials
evaluating IGF-1R antagonists have not demonstrated a significant survival benefit in men
receiving ADT for metastatic PCa, although these men were not enrolled based on levels of
serum IGF-1 or those of its binding proteins at baseline.(Yu et al., 2015, Barata et al., 2018)

Systematic study of the prognostic impact of baseline (pre-ADT) levels of circulating
members of the IGF family in men receiving ADT for metastatic PCa as well as how these
markers change during ADT is lacking. The former would be helpful in identifying PCa
patients whose cancer may behave aggressively, and who may therefore potentially benefit
from upfront treatment intensification beyond ADT alone.(Riaz et al., 2023) Similarly,
changes in these biomarkers could provide insights into the biologic underpinnings of
IGF-mediated disease. In this regard, we evaluated serum concentrations of members of the
IGF family at baseline, 6 months into therapy, and at progression in men receiving ADT,
with or without docetaxel, on the ECOG-ACRIN E3805 CHAARTED trial (NCT00309985).
This seminal trial demonstrated a significant OS benefit with addition of upfront docetaxel
chemotherapy to ADT in men with mHSPC who had a high volume of metastatic disease.
(Sweeney et al., 2015, Kyriakopoulos et al., 2018) The secondary analyses presented here
provided an ideal opportunity to assess the impact of these biomarkers on the role of
development of CRPC and OS.
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PATIENTS AND METHODS

Study design and participants

Procedures

The CHAARTED trial enrolled patients with metastatic PCa (either arising de novo or after
prior local therapy, in a synchronous or metachronous fashion) and randomized them 1:1

to either ADT alone or ADT with 6 cycles of docetaxel (given every 3 weeks). A total

of 790 patients were enrolled between 2006-2012 across centers in the United States. The
trial demonstrated a significant benefit in OS — the primary endpoint — with the addition of
upfront docetaxel to ADT, with the benefit most evident in men with high-volume metastatic
PCa (i.e. 4 or more bone lesions with 21 outside the axial skeleton, and/or presence of
visceral lesions).(Sweeney et al., 2015, Kyriakopoulos et al., 2018)

The study group used for this analysis comprised of trial patients who had serum samples
available at one or more of the following time points: (i) baseline (before or within 28 days
of starting ADT +/- docetaxel), (ii) after 6 months of therapy with ADT +/- docetaxel, and
(iii) at the time of progression on therapy with ADT +/- docetaxel.

Baseline clinical and demographic data at ADT +/- docetaxel initiation, including age,
PSA, BMI, extent of metastases (high versus low, per CHAARTED volume criteria) and
synchronous versus metachronous presentation of metastatic disease, were collected. The
key outcomes captured included time to development of castrate-resistant prostate cancer
(TT-CRPC) and overall survival (OS). The Fichorova laboratory at Brigham & Women’s
Hospital assessed serum biomarker levels as previously described.(Sharma et al., 2014a,
Sharma et al., 2014b) IGF-1 and IGF-R1 were measured by ELISA (R&D Systems,
Minneapolis, MN), and IGF-BP1, IGF-BP3, and IGF-BP4 were measured by a Luminex 3-
plex (R&D Systems Bio-Techne, Minneapolis, MN). Samples were collected from patients
enrolled in CHAARTED who provided consent for collection and storage of blood for future
studies. The Dana-Farber/Harvard Cancer Center Institutional Review Board reviewed and
approved the work conducted as part of this manuscript with waiver of consent (#16-137).

Statistical analyses

Serum biomarker levels were measured as continuous variables. Paired Wilcoxon signed
rank test was performed to test the change in serum biomarker levels between baseline

and 6 months, and between 6 months and at progression. For each serum biomarker, Cox
proportional hazards models were used to examine the association between biomarker levels
and time-to-event outcomes (TT-CRPC and OS). For the association between 6-month
biomarker levels and time-to-event outcomes, patients with events occurring before the 6-
month time point were excluded. To fit the Cox model, biomarkers with skewed distributions
(IGF-BP1) were first logged (base 10). Biomarker levels were then standardized by
subtracting the mean and divided by the standard deviation for each biomarker across time
points. The ratio of biomarkers IGF-1 and IGF-BP1 was calculated using the natural scale
and then logged (natural log) before fitting the Cox model. Ratios were evaluated in an
attempt to normalize IGF-1 to IGF-BP1 levels given the interplay between the two proteins.
Meta-analysis was performed using the fixed-effects method with inverse-variance weights.
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RESULTS

Baseline characteristics

Overall, 560 patients (of the 790 enrolled in the trial) had samples available for analysis

at baseline, after 6 months of therapy and/or at time of progression, and these patients
formed the analytical cohort (Table 1). 72 patients had samples available at all 3 timepoints.
Men randomized to ADT and docetaxel (ADT+D) were slightly older than those receiving
ADT alone (median: 64 vs. 62 years, p=0.037), but there were no other major differences
in disease or patient characteristics between the two groups. There were also no major
differences in baseline characteristics between our analytical cohort (n=560) and the
remaining 230 men enrolled whose samples were not available, with the exception of a
higher proportion of patients with ECOG performance status of 0 in the analytical cohort
(Supplementary Table 1).

Changes between baseline, 6 months and progression

Figure 1 shows boxplots of changes in markers between baseline, 6 months of therapy and
progression in patients receiving ADT alone (Figure 1A, 1C) and ADT+D (Figure 1B, 1D).
Significant increases in IGF-BP1 (mean A +27.4%, p=0.033), IGF-BP 3 (mean A +10.3%,
p<0.001) and IGF-BP4 (mean A +31.1%, p<0.001) were seen in the ADT+D group, with an
increase in IGF-BP3 (mean A +5.5%, p=0.015) also seen in the ADT group in the first 6
months. Numerical data for these changes in markers are provided in Supplementary Table
2. These trends were also particularly seen in patients with high-volume disease in both the
ADT and ADT+D group (Supplementary Table 3).

Between 6 months and progression, there were no significant changes in any of the markers
in the ADT group, while IGF-R1 levels (mean A +10.0%, p=0.020) increased significantly in
the ADT+D group (Supplementary Table 4).

Prognostic impact of baseline IGF-1 system

The associations between continuous baseline marker levels and TT-CRPC and OS on
univariable analysis, for each treatment arm, are shown in Table 2. Higher baseline levels
of IGF-BP4 were associated with shorter TT-CRPC (HR=1.32, p=0.011) and poorer OS
(HR=1.34, p=0.017) in patients receiving ADT, as well as ADT+D (time to CRPC:
HR=1.36, p=0.020; OS: HR=1.48, p=0.006). A higher IGF-1:IGF-BP1 ratio was associated
with improved OS in patients receiving ADT (HR=0.77, p=0.026) as well as ADT+D
(HR=0.78, p=0.047). Higher IGF-BP1 was also associated with poorer OS (HR=1.27,
p=0.045) amongst patients receiving ADT but not ADT+D (HR=1.23, p=0.124), while
higher IGF-R1 was also associated with worse OS in patients receiving ADT (HR=1.36,
p=0.013).

Prognostic impact of 6-month IGF-1 system

Similar findings to baseline were seen when analyzing marker levels at 6 months and
their associations with outcomes (Table 3). Higher levels of IGF-BP1 at 6 months were
associated with poorer OS in patients receiving ADT (HR=1.27, p=0.014) and ADT+D
(HR=1.30, p=0.013), while improved OS was seen in those with higher IGF-1:IGF-BP1
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ratios at 6 months in patients receiving ADT alone (HR=0.83, p=0.036) and ADT+D
(HR=0.81, p=0.018). Higher IGF-BP3 at 6 months was associated with improved OS in
patients receiving ADT (HR=0.80, p=0.038) while higher IGF-BP4 levels at this timepoint
were associated with poorer OS in those receiving ADT+D (HR=1.28, p=0.008).

Prognostic impact of baseline IGF-1:IGF-BP1 ratio by tertile

Finally, we specifically assessed IGF-1:1GF-BP1 ratio by tertile and associations with TT-
CRPC and OS. Across both the ADT and ADT+D groups, those in the upper two tertiles

of IGF-1:1GF-BP1 ratio (i.e. 21.53) had significantly longer TT-CRPC (HR=0.73 [95% ClI
0.53-1.00], p=0.046) and improved OS (HR=0.68 [0.48-0.98], p=0.035) compared to those
in the lowest tertile (Figure 2). These trends were consistent when the ADT and ADT+D
groups were analyzed separately (Supplementary Figure 1).

We additionally performed a meta-analysis combining our cohort with the previously
reported data from our group(Sharma et al., 2014a) to evaluate the prognostic impact of
IGF-1:IGF-BP1 tertile. When using the same tertile cut-point of 1.3 on the logyq scale for
IGF-1:1GF-BP1 ratio from the prior study,(Sharma et al., 2014a) patients with a ratio of >1.3
at baseline had improved OS on meta-analysis (HR=0.71 [0.48-1.05]), with the hazard ratios
from our data (E3805) and the prior study being almost identical (0.72 and 0.70 respectively,
Figure 3).

DISCUSSION

In this correlative analysis of the CHAARTED trial, we noted significant increases in
IGF-BP1, IGF-BP3 and IGF-BP4 in the first 6 months of therapy in patients who received
ADT and docetaxel, with IGF-BP3 levels increasing in the first 6 months in the ADT

group. Baseline IGF-BP4 levels were prognostic for TT-CRPC and OS in both the ADT

and ADT+D groups, while baseline IGF-BP1 was prognostic for OS amongst men receiving
ADT, but not ADT+D. Notably, the baseline IGF-1:IGF-BP1 ratio was prognostic in both
groups with a higher ratio being associated with improved outcomes. Intriguingly, we also
validated that a log1g IGF-1:IGF-BP1 ratio >1.3 at baseline was prognostic for OS. These
findings add to the literature on the IGF axis and outcomes in prostate cancer, and ours is the
first study to evaluate these associations within the context of a large, phase 3 clinical trial as
well as in patients receiving chemohormonal therapy and not ADT alone.

The relationship between the IGF peptides (IGF-1 and IGF-2) and IGF-BPs is complex.
(Pollak, 2012) IGF-1 and IGF-2 bind to the IGF receptor family, with IGF-R1 signaling
known to stimulate nuclear translocation of the androgen receptor (AR) and thereby
promoting AR signaling.(Wu et al., 2006) The IGF peptides have a short life span in the
circulation unless bound to IGF-BPs, which prolong the circulating half-life of IGFs and
regulate their movement into tissues, and IGF-BPs may themselves stimulate cell growth
through their own receptors.(Durai et al., 2006) Our finding that higher IGF-BP1 levels at
baseline was prognostic for poorer OS among patients receiving ADT validates prior work
in a retrospective cohort.(Sharma et al., 2014a) The lack of association between IGF-BP1
and OS in the ADT+D cohort may be due to the impact of docetaxel, which was shown to
significantly improve outcomes when added to ADT in upfront treatment of mHSPC in the
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CHAARTED trial,(Sweeney et al., 2015) and therefore may abrogate any detrimental impact
of IGF signaling via the AR.

Moreover, it is important to note that our results pertaining to the prognostic impact of
baseline IGF-1:1GF-BP1 ratio by tertile are almost identical to that reported previously

by our group when we evaluated marker levels in an observational cohort of mHSPC
patients receiving ADT alone.(Sharma et al., 2014a) Our meta-analysis of tertile results

at baseline confirmed almost identical hazard ratios for OS, with such cross-validation

in different cohorts being extremely rare in biomarker work. Moreover, the prognostic
impact of IGF-1:1GF-BP-1 ratio seemed stronger in patients receiving ADT alone. Further
evaluation of this easily available blood-based biomarker as a means to select patients for
treatment is therefore warranted, potentially to identify patients with mHSPC who most
benefit from intensification of therapy, including with docetaxel and/or a novel hormonal
agent in addition to ADT.(Smith et al., 2022, Fizazi et al., 2022) Additionally, this could

be used to guide targeting of the IGF-R in mHSPC, particularly in patients who may

have an inadequate PSA response to initial therapy since there is good data that patients
with PSA >0.1 or >0.2 after ~6 months of ADT+D(Harshman et al., 2018) or ADT +
abiraterone(Matsubara et al., 2020) have poorer survival. While previous efforts at targeting
the IGF axis in PCa were not promising,(Yu et al., 2015, Barata et al., 2018) a biomarker-
directed strategy (i.e. those with a low IGF1:IGFB1 ratio) may bear more fruit, given that
elevated IGF-BP1 and lower IGF-1/IGF-BP1 ratios at 6 months were associated with poorer
OS in both the ADT and ADT+D groups in our analyses.

The mechanism behind IGF-BP levels leading to poorer outcomes is unclear. It is possible
that higher IGF-BP1 (and IGF-BP4) levels reflect greater transport of bound IGF peptides
to tissues, including prostate cancer cells, thereby leading to increased IGF-R signaling and
promoting tumor proliferation.(Pollak, 2012) However, we also found higher IGF-1:1GF-
BP1 ratio was prognostic for a better OS and thus may reflect more IGF-1 levels potentially
being more tightly bound to IGF-BPs with less free IGF-1 being delivered to tissue to
support cancer cell survival. Alternatively, the higher ratio could mean higher free IGF-1
levels that are subject to degradation in the circulation, with less IGF-1 therefore delivered
to tissues. Interestingly, while baseline IGF-1:IGF-BP1 ratio was prognostic for better OS
in men receiving ADT+D, the levels of IGF-BP1 alone were not associated with OS in this
group, suggesting that the balance between the levels of ligand and binding protein may be
more important than the levels of either alone in determining extent of IGF-1 delivering and
subsequent IGF-R signaling.

Though our analyses utilized correlative blood samples from men enrolled on a prospective
clinical trial and was able to provide comparisons in markers between ADT and ADT+D,
there are limitations that must be acknowledged. A limited number of patients (37 and 29 in
the ADT and ADT+D groups respectively) had blood available at all 3 timepoints (baseline,
6 months and progression) which impeded our ability to track changes in these markers on
an individual patient level. Furthermore, fasting blood samples were not required and it is
possible that levels of some markers may be affected by food intake. We were unable to
measure levels of IGF-BP2, which has shown prognostic value in an androgen-dependent
manner in patients with localized prostate cancer,(Inman et al., 2005) due to constraints with
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adding this marker to a multiplex panel. Finally, baseline marker levels were drawn either
before or within 28 days of starting ADT or ADT+D, and therefore may not reflect a true
“baseline” value in those patients in whom it was drawn after starting therapy. However,
complete testosterone suppression takes 2—-4 weeks after starting ADT and it is likely that
marker levels measured up to 28 days after starting therapy may not have a major impact
on “baseline” values. We also acknowledge that the prognostic associations are based on
descriptive univariate analyses with no correction for multiple testing since our goal was
to report data to inform future evaluations to assess for reproducibility and therefore, our
findings should be viewed as hypothesis-generating. As such, our work will guide the
prospective biomarker analysis plan for evaluations of samples from the ENZAMET study;,
which evaluated the addition of enzalutamide to ADT (+/- docetaxel) in mHSPC.(Davis et
al., 2019)

In summary, we leveraged the phase 3 randomized CHAARTED trial to evaluate serum
levels of the IGF family at baseline and during ADT, with or without docetaxel. We
validated the prognostic impact of baseline IGF-BP1 and IGF-1:1GF-BP1 ratio in men
receiving ADT, while also demonstrating that the IGF-1:1GF-BP1 ratio is prognostic in men
who received ADT+D. Additionally, this ratio was prognostic after 6 months of therapy

as well in both groups, and the reproducibility of these findings suggest a possible role in
using this ratio at baseline and/or after 6 months of therapy to identify patients for treatment
intensification in mHSPC.
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Figure 1: Changes in markers between baseline and 6 months (1A, 1B), and between 6 months to
progression (1C, 1D) in the ADT and ADT+D groups.

Red indicates significant p-value (<0.05). For the baseline and 6 month comparison, a
total of 67 and 75 patients in the ADT and ADT+D groups respectively had serum
samples available at both timepoints. For the 6 month and progression comparison, 67
and 73 patients in the ADT and ADT+D groups respectively had samples available at both
timepoints. Abbreviations: ADT = androgen deprivation therapy; D = docetaxel.
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Figure 2: Kaplan-Meier curves of TT-CRPC (2A) and OS (2B) stratified by IGF-1:1GF-BP1
ratio tertile (lowest [T1] vs. upper two [T2/3]).

Abbreviations: TT-CRPC = time to castrate-resistant prostate cancer; OS = overall survival.
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Figure 3: Meta-analysis of impact of baseline IGF-1:1GF-BP1 ratio (<1.3 or 21.3 on logyg scale)
on OS utilizing data from Sharma et al (Ref 5) and CHAARTED ADT cohorts (E3805).

Abbreviations: HR = hazard ratio; E = events; Cl = confidence interval. Meta-analysis was
performed using the fixed effects method.
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Table 1 —

Baseline characteristics of the analytical cohort

Total (n=560) | ADT+D (n=283) | ADT (n=277) p

Age, median (range) 63 (36-91) 64 (36-88) 62 (39-91) 0.037
Race (%) 0.155

White 481 (86) 250 (88) 231 (83)

Black 52 (9) 25 (9) 27 (10)

Asian 9(2) 3(1) 6 (2)

Unknown 18 (3) 5(2) 13 (5)
ECOG PS (%) 0.621

0 406 (73) 204 (72) 202 (73)

1 147 (26) 77 (27) 70 (25)

2 6 (1) 2(1) 4(1)

Missing 1 0 1
Baseline PSA, ng/mL, median (IQR) | 51 (12-277) 51 (12-237) 50 (13-311) | 0.445
Gleason score (%) 0.692

4-6 36 (7) 19 (8) 17 (7)

7 129 (26) 68 (27) 61 (25)

8 99 (20) 53 (21) 46 (19)

9-10 237 (47) 113 (45) 124 (50)

Missing 59 30 29
High-volume disease (%) 352 (63) 181 (64) 171 (62) 0.601
Visceral metastasis (%) 89 (25) 40 (22) 49 (29) 0.177
Prior local therapy (%) 0.975

None 395 (71) 201 (71) 194 (70)

RP 117 (21) 59 (21) 58 (21)

RT 47 (8) 23(8) 24 (9)

Unknown/missing 1 0 1

Page 17

Abbreviations: ADT = androgen deprivation therapy; D = docetaxel; PS = performance status; RP = radical prostatectomy; RT = radiotherapy; PSA
= prostate specific antigen’ IQR = interquartile range
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