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Abstract

Background—Crizotinib is a tyrosine kinase inhibitor active against ALK, MET and ROS1. We
previously reported that crizotinib decreases testosterone in male patients. The detailed etiology of
the effect, its symptomatic significance, and the effectiveness of subsequent testosterone
replacement have not been previously reported.

Methods—Male cancer patients treated with crizotinib had total testosterone levels measured,
and results compared to non-crizotinib treated patients. Albumin, sex-hormone binding globulin
(SHBG), follicle stimulating hormone (FSH) and/or luteinizing hormone (LH) were tracked
longitudinally. A subset of patients had free testosterone levels measured and a hypogonadal
screening questionnaire administered. Patients receiving subsequent testosterone supplementation
were assessed for symptomatic improvement.

Results—Mean total testosterone levels were -25% below the lower limit of normal (LLN) in 32
crizotinib treated patients (27/32 patients below LLN, 84%) compared to +29% above LLN in 19
non-crizotinib treated patients (6/19 below LLN, 32%), p=0.0012. Levels of albumin and SHBG
(which both bind testosterone) declined rapidly with crizotinib, but so did FSH, LH and free
testosterone, suggesting a centrally mediated, true hypogonadal effect. Mean free testosterone
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levels were -17% below LLN (19/25 patients below LLN, 76%). 84% (16/19) with low free levels
and 79% (19/24) with low total levels had symptoms of androgen deficiency. 5/9 (55%) patients
with low testosterone given testosterone supplementation had an improvement in symptoms,
coincident with increases in testosterone above LLN.

Conclusion—Symptoms of androgen deficiency and free or total/free testosterone levels should
be tracked in male patients on crizotinib with consideration of testosterone replacement as
appropriate.
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Introduction

Methods

Crizotinib (Xalkori, Pfizer, La Jolla CA) is an inhibitor of several different tyrosine kinases
including anaplastic lymphoma kinase (ALK), ROS1 and MET.1-3 Use of crizotinib in
molecularly selected patients with ALK or ROS1 gene rearranged non-small cell lung
cancer (NSCLC) leads to significant clinical benefit.1~> Within the phase I-111 studies of
crizotinib reported to date, the range of side effects attributed to crizotinib include
gastrointestinal disturbance, visual side effects, peripheral edema, and liver function test
abnormalities.:: 4 6 7 Because of the demographics associated with ALK rearranged disease,
patients treated with crizotinib are likely to be younger than most patients with NSCLC.8: °
Recently, we reported that crizotinib reduced total testosterone over a period of weeks to
below the lower limit of normal (LLN) in 19 out of 19 male patients treated with the drug,
with free testosterone levels also being below the LLN in 9 out of 10 patients in whom this
information was available.10 Levels of testosterone returned to normal within days following
cessation of dosing with crizotinib. The mechanism of testosterone reduction appeared to
include a central effect because longitudinal sampling in two patients showed that follicle
stimulating hormone (FSH) and luteinizing hormone (LH) levels decreased coincident with
the drop in testosterone levels.10

However, many questions about crizotinib’s effects on testosterone remain.! Fatigue, which
can be associated with low testosterone, is a known side effect of crizotinib,1 7 but fatigue
could also have multiple other etiologies. Symptoms specifically associated with androgen
deficiency may be missed in routine oncology practice,12 and are not routinely assessed in
lung cancer studies including any reported crizotinib trials to date. Although the index case
with low testosterone that prompted these observations presented with fatigue and loss of
libido, the symptomatic consequences of these biochemical findings in most crizotinib-
treated patients have not been documented.1 Similarly, the effectiveness of testosterone
replacement in such cases has not been previously reported. Here we address in a larger
series, across multiple different institutions, the incidence of low testosterone in advanced
male cancer patients treated with crizotinib therapy, the impact of crizotinib on testosterone
binding proteins (albumin and sex hormone binding globulin (SHBG)) which could
differentially influence total and free levels of testosterone, the impact of crizotinib on
gonadotrophin levels, the association of both total and free testosterone levels with
symptoms of androgen deficiency, and whether treatment with testosterone replacement
benefited these patients symptomatically.

Three groups of male patients with metastatic cancer were assessed within this study. The
first group represented 32 crizotinib treated patients (crizotinib treated group 1, CTG1)
assessed at the University of Colorado Cancer Center (10 of the 32) and six other institutions
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(Prince of Wales Hospital, Hong Kong; The Royal Marsden Hospital, London, United
Kingdom; San Luigi Hospital, University of Turin, Italy; University of New Mexico Cancer
Center, Albuquergue, NM; Billings Clinic, Billings, MT; and the University of California,
Irvine, CA). Following the initial report of low testosterone secondary to crizotinib use from
the University of Colorado, additional sites with experience treating patients with crizotinib
were approached in April 2012.

The University of Colorado patients were tested for molecular abnormalities on-site within
the CLI1A-certified Colorado Molecular Correlates laboratory (CMOCO) and an IRB-
approved protocol permits clinical correlates to be made on all in-house patients in whom
molecular analyses have been conducted within the CMOCO laboratory. Information on
patients treated with crizotinib at other institutions and assessed for testosterone levels and
androgen deprivation symptoms following the initial publication of these data was captured
and communicated for analysis within this study in accordance with each institution’s local
practice guidelines.

Sites were asked to identify all patients with advanced cancer, regardless of their underlying
histology or molecular status, who were currently on crizotinib and had received at least 21
days of continuous therapy. Total and/or free levels of testosterone using institutional
standard assays were then checked at the next routine clinic visit. Pretreatment testosterone
levels were not routinely collected. In addition, when possible, symptoms of androgen
deficiency were documented at the same time as the initial testosterone assessment using the
Androgen Deficiency in Aging Males (ADAM) questionnaire (Table 1), a validated
screening assessment of hypogonadism in adult males.13 Serial albumin levels were
assessable in most patients. Three patients from the University of Colorado within CTG1
also had serial total and free testosterone, SHBG and gonadotrophin assessments from the
day of commencement of crizotinib. If patients had low total and/or free testosterone they
were advised to be reviewed by an endocrinologist. Medical records from the University of
Colorado patients referred to Endocrinology were subsequently reviewed for whether
testosterone replacement was recommended, and the overall effectiveness of replacement
therapy on subsequent symptoms of hypogonadism as assessed by the endocrinologist
(improved/not improved).

The second group represented the 19 crizotinib treated patients (crizotinib treated group 2,
CTG2) included in the original report from the University of Colorado who had a reanalysis
of previously reported total and free testosterone levels to allow comparison across different
institutional assays (see below).1# At the time of these assessments, all of these patients had
received at least 21 days of continuous treatment with crizotinib. The ADAM questionnaire
was also administered, where possible, to patients in CTG2 at the time of the testosterone
assessment reported here. Patients with low total and/or free testosterone were similarly
referred to Endocrinology and the impact of any replacement therapy assessed.

The third group represented a reference group of 19 patients with metastatic NSCLC (non-
crizotinib treated group, NCTG), who had never received crizotinib, who were reported in
the previous publication and similarly reanalyzed to allow comparison across different
institutional assays. This group served as a control population to assess total testosterone
measurements in advanced cancer patients in comparison to both CTG1 and CTG2.

Blood samples for hormonal and binding protein levels in all patients were obtained at
routine clinic visits rather than at any consistent time of day, and when multiple assessments
were made the first assay result after 21 days of continuous crizotinib therapy was used. At
the University of Colorado Hospital, hormonal assessments were performed as previously
described.10 Patients from the six other institutions had total and free testosterone measured
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using a range of different assays. Although previous research suggests that inter-assay
variability makes only a small contribution to total variation in testosterone measurements,14
to facilitate comparisons between all patients across institutions each assay measurement
was normalized by dividing individual measurements by the LLN of the specific assay.
Using this approach each reading could then be expressed as an absolute percent relevant to
the LLN.

To explore the relationship between total testosterone (protein bound plus unbound levels of
testosterone) and free testosterone (unbound levels only), levels of albumin and/or SHBG
were measured longitudinally in a subset of crizotinib treated patients in CTG1 and CTG2.
For these patients, each of the serial readings was expressed as an absolute percent relative
to the baseline measurement of the variable in the individual patient. Patient age, cancer
type, molecular abnormality, and duration of therapy (days) with crizotinib were recorded
on every patient.

Prism software (GraphPad, San Diego, CA) was used to calculate statistical significance in

mean total testosterone between the CTG1/CTG2 and NCTG using a two-tailed unpaired #-
test, and to compare levels of free testosterone with symptoms of androgen deficiency using
Fisher’s exact test of assessment for contingency tables.

All patients in CTG1 and CTG2 received crizotinib at 250mg twice daily orally, apart from
1 colorectal cancer patient in the CTG1 who received crizotinib at 650mg orally once daily
as part of a dose escalation cohort within a crizotinib phase I trial. Two patients in CTG1
received crizotinib together with a pan-Her inhibitor (dacomitinib, Pfizer) within a phase |
combination study.

Demographics of the CTG1, CTG2 and NCTG groups are listed in Table 2. Of the 32
patients within CTG1, 31 patients had NSCLC (27 with ALK gene rearrangements, 2 with
ROS1 gene fusions, 1 with cMET amplification, 1 with a HER2 mutation and 1 with an
EGFR mutation), and 1 patient had colorectal carcinoma with a KRAS mutation. The
median duration of crizotinib therapy at the time of hormonal sampling was 6.3 months in
CTG1 and 7.3 months in CTG2. The median age of the patients was 54 years in CTG1, 60
years in CTG2 and 63 years in the NCTG, consistent with the known younger demographics
of ALK rearranged NSCLC comprising 82% and 90%, respectively, of the patients treated
in CTG1 and CTG2.89

Mean total testosterone levels were lower in the CTG1 compared to the NCTG (mean -25%
below the lower limit of normal (LLN) vs mean +29% above the LLN, p=0.0012) (Figure
1). Mean total testosterone levels in the previously reported CTG2 were even lower (mean
-45% below LLN, p=10.0012). In the CTG1 group, 27/32 (84%) patients had levels of total
testosterone below the LLN, compared to 19/19 (100%) in the CTG2, and 6/19 (32%) in the
NCTG.

Free testosterone levels were measured in 25 crizotinib treated patients (17 from CTGL1, 8
from CTG2) and are shown in Figure 2. The free testosterone was below the LLN in 19/25
patients (76%), with a mean level —=17% below the LLN. The relationship between the total
testosterone measurement relative to LLN and free testosterone measurement relative to
LLN in the 25 crizotinib treated patients is shown in Figure 3. The relationship was linear,
with a 2=0.52.

Albumin levels fell in crizotinib treated patients (Figure 4). In 20 patients from CTG1 and
CTG2, after 6-8 weeks of treatment with crizotinib, mean albumin levels were —7% below
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baseline levels. SHBG levels were assessed in 3 patients in detail during the first 8 weeks of
therapy with crizotinib, and declined precipitously in each patient, falling by up to 85%
below baseline initial level over this time frame (Figure 4). Albumin levels checked over the
same time frame also dropped, but more modestly. In each of the three patients, total and
free testosterone, as well as FSH and LH levels were also assessed. Levels of total and free
testosterone and both gonadotropins all declined following commencement of crizotinib,
consistent with our previous report.10

Symptoms of low testosterone among those with both total and free testosterone data were
assessed in 25 patients from CTG1 and CTG2 using the ADAM questionnaire (Table 1). Of
these, 20/25 (80%) had responses to the questionnaire consistent with possible
hypogonadism. The correlation of these responses to the assessment of total and free
testosterone in these patients is shown in Table 3. 84% (16/19) of patients with low free
testosterone and 79% (19/24) of patients with low total testosterone manifested symptoms of
androgen deficiency.

The benefits of testosterone replacement in crizotinib treated patients with low testosterone
(total and/or free) were assessed in 9 patients treated at the University of Colorado from
CTG1. Replacement testosterone in the form of a topical gel or injection was undertaken in
9 patients with low total testosterone under the supervision of an endocrinologist. At review
between 2-3 months after commencing testosterone replacement, 5/9 (55%) reported
improvement in symptoms of hypogonadism to the endocrinologist. 5/5 (100%) of patients
who had testosterone replacement and increase in their testosterone levels above the LLN
reported improvement in symptoms, whereas none of the 4 patients who took testosterone
replacement but did not have total testosterone levels increase above the LLN reported a
change in symptoms.

Discussion

Crizotinib use is associated with significant clinical benefit in ALK gene and ROSI gene
rearranged malignancies with additional early evidence of activity in some MET driven
cancers.1=3 Previously we reported that crizotinib use was associated with rapid onset of low
testosterone in male patients with metastatic non-small cell lung cancer, with 19 of 19
(100%) crizotinib treated patients manifesting low total testosterone levels and 9 of 10
(90%) manifesting low free testosterone levels.10 When levels were tracked longitudinally,
testosterone declines were rapid, falling below the LLN within 3 weeks of commencing
therapy in most cases. As crizotinib also led to decreases in both FSH and LH, activity of the
drug within the central hypothalamic-pituitary axis was suggested as at least one possible
mechanism underlying this effect.

However, from these initial findings it was unclear whether the effect of crizotinib on
testosterone was functionally significant in the absence of both a larger dataset and
information on the symptomatic consequences of these hormonal test results.11

Our initial findings are replicated here in a larger cohort of prospectively tested crizotinib
treated patients, with 84% of patients manifesting total testosterone levels below the LLN.
This effect was evident in patients with advanced cancer treated at multiple institutions,
across different cancer histologies and molecular subtypes. Certainly, a proportion of all
patients with advanced cancer would be expected to have low testosterone levels, as
previously reported in the literature and shown by the 32% of patients in the NCTG with
testosterone levels below the LLN.10: 15-18 However, despite the younger median age in the
crizotinib treated groups, the levels of total testosterone were significantly lower in both
CTG1 and CTG2 compared to the NCTG (Figure 1). Data was not collected in this study on
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the amount of prior chemotherapy, presence/absence of brain metastases, prior brain
radiation or opiate/dexamethasone use in CTG1, all of which may influence testosterone
levels. However, in our previous study we found no significant differences in these factors
between our control and crizotinib-treated groups and therefore these factors alone could not
explain the association between low testosterone levels and crizotinib treatment.10

Part of the rapid fall in total testosterone levels reflects a mild effect of crizotinib on albumin
levels, and a much larger effect on SHBG levels, which represent the two major testosterone
binding proteins (Figure 4). Anecdotally, among the University of Colorado patients, these
drops occurred in the absence of proteinuria or significant hepatic dysfunction (as assessed
by transaminase levels in the blood). The signaling pathways and feed-back loops
controlling expression levels of these proteins are not well understood and the molecular
basis for these effects remains unclear. Whether chronic use of crizotinib will drop albumin
levels beyond those that we have noted after 6-8 weeks on therapy to contribute towards
either the late-onset peripheral edema described with crizotinib, or to have meaningful
effects on the activity of other drugs influenced by albumin levels, e.g. Coumadin, is
unknown, but should be considered.”- 19 Importantly, in the subset in whom we have data,
76% of patients manifested free testosterone below the LLN suggesting that effects on
testosterone physiology beyond binding protein levels are occurring and that these low
levels are likely to be biologically significant. Consistent with this, 84% of patients (16 of
19) with low free testosterone levels on crizotinib and 79% (19/24) of patients with low total
testosterone on crizotinib manifested symptoms of androgen deficiency (Table 3). In our
small study, in which very few patients manifested normal testosterone levels on crizotinib,
the presence/absence of symptoms was not statistically different between those with
testosterone levels above and below the LLN. In addition, patents with testosterone levels
above the LLN can certainly describe positive responses in the ADAM questionnaire, as,
despite 88% sensitivity, the questionnaire only has a reported specificity of 60%.13
Specifically, in our study, the symptoms of androgen deficiency are likely to overlap with
symptoms secondary to both advanced cancer and depression (Table 1). However consistent
with the majority of symptoms in our patients being truly reflective of their low testosterone
levels, 100% of patients who had testosterone replacement and increase in their testosterone
levels above the LLN reported improvement in symptoms, whereas 0% of those who took
testosterone replacement but did not have total testosterone levels increase above the LLN
reported a change in symptoms.

Free and total testosterone levels are related (Figure 3), but the relationship is only
moderately strong (r2=0.52). Although both low total and free testosterone levels are
associated with symptoms of androgen deficiency, because reductions in albumin and
SHBG also occur secondary to crizotinib exposure and the incidence of androgen deficiency
symptoms was marginally higher among those with low free as opposed to low total
testosterone levels, free testosterone alone or free and total levels together may be the most
appropriate assessment methods to pursue in this indication in the future.

Building on our previous report of 2 patients tracked longitudinally, we have demonstrated
in an additional three patients that the commencement of crizotinib is associated with a
decrease in both FSH and LH (Figure 4), again suggesting that a central effect of crizotinib
on the hypothalamic-pituitary axis may be occurring.10 Crizotinib is suspected to have very
low blood-brain penetration, however the pituitary lies outside the blood-brain barrier.20: 21
Whether reductions in testosterone reflect an effect of crizotinib on ALK, on one of the
other targets of crizotinib or some combination of the drug’s targets is unknown, but the
presence or absence of this toxicity with some of the newer ALK inhibitors currently in
development should elucidate this issue in the near future.22 23
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There are several limitations of this report that need to be accounted for. Firstly, the number
of crizotinib treated patients described is still relatively low (32 in the CTG1, 19 in the
CTG2). Secondly, testosterone concentrations were measured at variable times of day.
Testosterone levels are known to peak in the early morning and to be lower in the evening,
although there is some blunting of this diurnal variation with age. 24 However given the
consistent and clear reduction of levels below the lower limit of normal in multiple
individuals in two separate studies across seven different institutions, normal diurnal
variation alone would not be able to account for the results seen in association with
crizotinib. Thirdly, the patients who had more complete hormonal assessments (e.g. free
testosterone levels or detailed longitudinal sampling of SHBG and gonadotrophin levels)
and/or who completed the initial ADAM questionnaire represented subpopulations of the
total and biases in the composition of each of these subgroups cannot be excluded. Finally,
the number of patients assessed for the benefits of testosterone replacement was also small
(n=9) and the formal ADAM questionnaire was not repeated, instead benefit was assessed
more subjectively based on a retrospective review of the endocrinologist’s clinic notes.
However, our results are strikingly consistent between both the initial and this new report
and between institutions. In addition, the result of 55% of low testosterone cases deriving
benefit from the replacement therapy is entirely consistent with the effectiveness of
testosterone replacement in cancer patients reported in the literature. 2526 Similarly,
symptomatic benefit appeared entirely dependent on patients manifesting elevated
testosterone levels from the replacement therapy.

Importantly, testosterone levels have not been formally assessed in any of the major studies
of crizotinib to date. Overall, our data strongly suggest that crizotinib rapidly drops
testosterone levels in men and that this effect is clinically significant in terms of both
producing symptoms and in being amenable to appropriate therapy. The symptoms of
androgen deficiency in such patients may be elicited in the clinic by using the ADAM
questionnaire (Table 1). Oncologists typically avoid discussion of sexuality with patients,
and without a clear awareness of these issues, symptoms of hypogonadism may be
overlooked.12 Crizotinib is also currently being used to treat certain molecularly specific
subtypes of cancer in pediatric populations, including in young male patients approaching
puberty where maintenance of normal testosterone function may be essential. 27 We
recommend tracking free or total/free testosterone levels in all male patients treated with
crizotinib ideally measuring these levels in the early morning to adjust for diurnal
variation 24 and referring those with low levels to an endocrinologist for discussion of the
pros and cons of replacement therapy, but with no need to change crizotinib dosage.
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Figure 1.
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Total testosterone levels in crizotinib treated and non-crizotinib treated patients in relation to
lower limit of normal (LLN) of assay used. NCTG non-crizotinib treated group; CTG2
crizotinib treated group 2; CTG 1 crizotinib treated group 1.
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Figure2.

Free testosterone levels in crizotinib treated patients relative to lower limit of normal of

assay used
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Figure 3.

Correlation of each individual’s total testosterone relative to lower limit of normal of assay

used to free testosterone relative to lower limit of normal of assay used. Total and free

testosterone assessed on same occasion in each patient.
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Dynamic assessment of sex hormones and testosterone binding proteins in three patients
commenced on crizotinib showing decrease in total, free testosterone relative to baseline
measurement, as well as rapid decreases in LH and FSH, albumin and sex hormone binding

globulin.
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Table 1

Androgen Deficiency in Aging Males (ADAM guestionnaire)!3 (Yes/No answers)

1. Do you have a decrease in libido (sex drive)?

. Do you have a lack of energy?

. Do you have a decrease in strength and/or endurance?

. Have you lost height?

. Are you sad and/or grumpy?

. Are your erections less strong?

. Have you noticed a recent deterioration in your ability to play sports?

2
3
4
5. Have you noticed a decreased “enjoyment of life” ?
6
7
8
9

. Are you falling asleep after dinner?

10. Has there been a recent deterioration in your work performance?

Answering Yes to number 1 or 7 or answering Yes to more than 3 questions, may indicate low testosterone.
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Table 2
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Crizotinib Treated Group 1

Crizotinib Treated Group 2

Non-Crizotinib Treated Group

(CTGY (CTG2) (NCTG)

No. patients 32 19 19
Age (Median) 54 yrs 60 yrs 63 yrs

Range 33-69 35-81 43-78
Cancer

Non-small cell lung cancer 31(97%) 19 (100%) 19 (100%)

Colorectal cancer 1 (3%) 0 (0%) 1 (5%)
Molecular Status

ALK rearranged 26 (82%) 17 (90%) 2 (11%)

ROS1 fusion gene 2 (6%) 1 (5%) 0 (0%)

MET amplification 1 (3%) 1 (5%) 0 (0%)

EGFR mutation 1 (3%) 0 (0%) 5 (26%)

KRAS mutation 1 (3%) 0 (0%) 3(16%)

Undefined/Other 1 (3%) 0 (0%) 9 (47%)
Current Therapy

Crizotinib 32 (100%) 19 (100%) 0 (0%)

Median duration 6.3 months 7.3 months -
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Symptoms of hypogonadism from ADAM questionnaire and levels of free testosterone

Table 3

Symptoms | No Symptoms | Two tailed Fisher Test
Free Testosterone below LLN 16 3
P=0.56
Free Testosterone above LLN 4 2
Total Testosterone below LLN 19 5
P=1.00
Total Testosterone above LLN 1 0

Cancer. Author manuscript; available in PMC 2014 July 01.

Page 16



