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Abstract Purpose: To determine, in peripheral blood
monocytes (PBM), whether the enzymatic activities of
fructose 1,6-bisphosphatase (FBPase), cytidine deami-
nase (CDDase) and 24-hydroxylase (CYP24), enzymes
regulated by calcitriol are useful pharmacodynamic
(PD) measures of calcitriol effects in cancer patients.
Methods: Cancer patients enrolled in a phase I clinical
trial of calcitriol and carboplatin were studied. Base-
line and calcitriol-induced changes in FBPase, CDDase
and CYP24 activities were measured in PBM collected
before, 6, 24, and 48 h after administration of calcitriol,
prior to carboplatin, in doses ranging from 4 to 11 pg
daily for 3 consecutive days (QDx3). Normal FBPase,
CYP24 and CDDase activities were measured in PBM
from untreated healthy volunteers. Results: Baseline
activities in PBM from cancer patients and healthy vol-
unteers were (median and range): 1.0 (0.0-43.5) and
44 (3.1-8.2) nmol/min/mg protein for FBPase (P =
0.002); 2.5 (0.9-9.3) and 0.8 (0.4-2.0) fmol/h/10° cells for
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CYP24 (P =0.016), and 5.6 (2.5-22.3) and 6.6 (1.1-
47.4) nmol/min/mg protein for CDDase (P > 0.05),
respectively. All calcitriol doses achieved peak serum
calcitriol levels > X3 the physiological levels, increased
cancer patient PBM FBPase activity to normal levels
and decreased CDDase activity to undetectable levels
within 48 h, with no significant change in CYP24
activity. These enzyme activity changes were not
associated with hypercalcemia. Conclusions: Calcitriol
treatment-induced increase in FBPase and decrease in
CDDase activities in cancer patient PBM are potential
early and sensitive non-hypercalcemia PD measures of
calcitriol effects.
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Introduction

Calcitriol (1,25-dihydroxycholecalciferol, 1,25-D3) has
potent cell growth inhibitory, pro-differentiation and
apoptotic effects that might be exploited to prevent
and treat human cancers [1-4]. Clinical studies have
demonstrated a diminished rate of rise in the tumor
marker, prostate-specific antigen (PSA), in early
recurrent and androgen independent prostate cancer
patients treated with calcitriol-based therapies [5-9],
and a greater frequency and a more rapid PSA re-
sponse in advanced prostate cancer patients who re-
ceive calcitriol + docetaxel compared to docetaxel
alone [10]. These observations suggest therapeutic
efficacy of calcitriol-based therapy in human prostate
cancer.
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Serum calcium measurements are routinely used to
monitor patients on calcitriol treatment because
hypercalcemia is the dose-limiting toxicity. Although it
remains relevant for toxicity issues, the usefulness of
hypercalcemia as a pharmacodynamic (PD) measure of
calcitriol effects in cancer patient has two disadvantages:
first, like many PD measures, the onset of calcitriol-in-
duced hypercalcemia is unpredictable and delayed [11].
Second, hypercalcemia has not been dose limiting in
several studies of intermittent high dose calcitriol
administration either as a single agent or in combination
with dexamethasone [12, 13]. An additional concern is
that if non-hypercalcemic calcitriol analogs with equiv-
alent or improved antitumor activity were developed, it
would be very useful to identify non-calcium-based
measures to monitor biologic effects [14-16].

We hypothesized that the identification and charac-
terization of calcitriol-regulated enzyme activities in cells
derived from cancer patients before and during the cal-
citriol treatment have the potential of identifying non-
hypercalcemia PD measures useful for the future devel-
opment of vitamin D3-based cancer therapies. Peripheral
blood monocytes (PBM) are ideal cells for these studies
because they are readily accessible for repetitive sam-
pling, easily separated from other peripheral blood
mononuclear cells and are responsive to calcitriol-in-
duced maturation and differentiation into tissue macro-
phages [17-20]. The PBM express a number of calcitriol-
responsive enzymes, including fructose 1,6-bisphospha-
tase (FBPase), cytidine deaminase (CDDase) and 24-
hydroxylase (CYP24) [18-27]. Changes in the activities
of these enzymes are potential PD measures of calcitriol
effects. The FBPase, a key gluconeogenic enzyme, cata-
lyzes the de-phosphorylation of fructose 1,6-bisphos-
phate to fructose 1-phosphate and inorganic phosphate;
the CDDase catalyzes the deamination of free and RNA
incorporated cytidine to uridine, and the CYP24 is the
major calcitriol-catabolizing enzyme [28-30]. Here, we
demonstrate low FBPase and high CYP24 baseline
activities in the PBM of advanced cancer patients com-
pared to healthy volunteer PBM, and suggest that cal-
citriol treatment-induced increase in FBPase and
decrease in CDDase activities are potential early and
sensitive non-hypercalcemia PD measures of calcitriol
effects in cancer patients.

Materials and methods
Reagents and chemicals

Radioactive calcitriol, dihydroxyvitamin D5 1a,25-
[26,27-°H] ([’H]-1,25-D3), was purchased from Perkin
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Elmer Science Corporation (Boston, MA, USA).
Authentic calcitriol oxidation metabolites were kindly
provided by Dr. S. Reddy and Dr. M. Uskokovic.
Polyclonal rabbit anti-rat FBPase, CDDase and
CYP24 were kindly provided by Dr. H. Mizunuma, Dr.
R. Momrapler and Dr. R. Kumar, respectively.

Study subjects

Baseline and calcitriol-induced changes in PBM FBPase,
CDDase and CYP24 activity were studied in advanced
solid tumor patients enrolled in a phase I study of cal-
citriol and carboplatin at the University of Pittsburgh
Cancer Institute. Advanced solid tumor patients were
eligible for this study if no standard therapy was avail-
able and if they had adequate bone marrow, kidney and
liver function, as evidenced by WBC > 4,000/pl, plate-
lets = 100,000/pl, serum creatinine < 1.5 mg/dl, biliru-
bin £ 2 mg/dl and SGOT < 75 mIU, respectively. The
patients were required to have corrected serum cal-
cium < 10.5 mg/dl and no past medical history of renal
stones. The protocol was approved by the Biomedical
Institutional Review Board (IRB) of the University
of Pittsburgh and all patients signed written informed
consent before participating. Healthy volunteers were
recruited from IRB approved Center of Clinical Phar-
macology Registry.

Calcitriol treatment and administration schedules

This phase I study of calcitriol and carboplatin in ad-
vanced solid tumor patients was a two arm open label
treatment trial: In treatment arm A (CDDD arm),
carboplatin (C) was administered on day 1 and calcit-
riol (D) was given on day 2, 3 and 4. In treatment arm
B (DDDC arm), D was given on day 1, 2 and 3 and C
was administered on day 3. The calcitriol treatment
induced changes in PBM enzyme activities were stud-
ied in patients enrolled on the DDDC arm. Calcitriol
(Calcijex®1 pg/ml, kindly supplied by Abbott Phar-
maceutical) was administered subcutaneously daily for
3 consecutive days (QDx3) every 28 days, and the dose
escalation schema was 4, 6, 8 and 11 pg. At least three
patients were entered at each dose level, and no intra-
patient calcitriol dose escalation was allowed. Treat-
ment was continued until disease progression or dose-
limiting toxicity occurred.

Patient monitoring

Serum calcium levels were determined on day 4 of the
calcitriol treatment week and weekly thereafter.
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Blood samples collection and isolation of peripheral
blood monocytes (PBM)

Approximately 24 ml of blood was collected in CPT-
vacutainer tubes containing pre-prepared sodium cit-
rate gel and density gradient media (Becton Dickinson
& Co, Franklin Lakes, NJ, USA) immediately before
(0 h) and 6 h after the day 1 calcitriol administration,
and immediately before day 2 (24 h) and day 3 (48 h)
calcitriol dosing in the first month of DDDC treatment.
The peripheral blood mononuclear cells were sepa-
rated by density gradient centrifugation according to
the instructions supplied with CPT tubes. The PBM
were isolated by adhesion to plastic culture dishes by
2 h incubation at 37°C in RPMI-1640 media supple-
mented with antibiotics, 2 mM L-glutamine and 1%
fatty acid free BSA [17]. Adherent cells (PBM)
showing greater than 90% viability by trypan blue
exclusion test and more than 85% monocytes as
determined by non-specific esterase staining were as-
sayed for enzyme activity and protein lysates were
analyzed by Western blotting. Blood samples (8 ml)
for PBM FBPase, CDDase and CYP24 activities
studies were obtained from healthy volunteers who
received no calcitriol treatment.

PBM enzyme activity assays

The FBPase activity was measured using NADP cou-
pled spectrophotometric assay as previously described
[31]. The assay mixture (1 ml) consisted of 20 pg pro-
tein of PBM lysate, 0.5 mM NADP, 5 U/ml G6PDH
and 10 U/ml glucose-6-phosphate isomerase and +/—
20 puM fructose 1, 6-bisphosphate (FBP), the substrate.
The difference in absorbance change/min at 340 nm in
the presence and absence of FBP was used to calculate
FBPase activity. PBM FBPase activity was expressed
as nmol/min/mg protein (NADPH extinction coeffi-
cient = 6,220 cm*/mmol).

The CDDase activity was measured spectrophoto-
metrically by monitoring the rate of cytidine deami-
nation to uridine at 286 nm in 1 ml assay mixture
containing 20 pg protein of PBM lysate [32]. The dif-
ference in absorbance change/min at 286 nm in the
absence and presence of 100 uM cytidine was used to
calculate the CDDase activity. The PBM CDDase
activity was expressed as nmol/min/mg protein (uridine
extinction coefficient = 3,000 cm*mmol).

The CYP24 activity was measured by incubating 1-
2 x 10° freshly isolated PBM cells in 0.5 ml of RPMI
1640 (supplemented with 0.1% fatty acid free BSA,
2 mM L-glutamine and antibiotics) with 0.5 uCi
(110,000 dpms) [*HJ- 1,25-Ds) as a substrate. Blank

assays containing no cells were included in all experi-
ments. After 2 h incubation at 37°C, calcitriol and its
CYP24 metabolites were extracted by liquid/liquid
partition using tetrahydrofuran and ethyl acetate [33].
Excess non-radioactive calcitriol was added to improve
extraction recovery.

Extracts were dried, dissolved into 65 pl of HPLC
mobile phase and CYP24 metabolites of [*H]-1,25-D5
in 50 pul of extract was separated by normal phase
HPLC on a 250 x 4.6 cm® Zorbax silica column using
hexane/isopropanol/methanol (84:10:6 v/v) as the mo-
bile phase. The HPLC fractions were collected manu-
ally every 30 s, mixed with 10 ml of scintillation liquid
and counted. All radioactive counts with co-eluting
with known CYP24 calcitriol metabolites were pooled.
The CYP24 activity, expressed as fmol/2 h/10° cells,
was calculated using the equation:

S _(C—B) 65
A=TX—N 30

Where A = CYP24 metabolites (fmol), S = calcitriol in
the assay (fmol), C and B represent CYP24 metabolite
radioactivity counts in the PBM containing assay ex-
tracts and no PBM (blank) assay, respectively. T = cal-
citriol (in dpms) and N = PBM cells (in millions) in the
incubation assay mixture. The radioactivity extraction
recovery in our assays ranged from 65 to 80%. Inter- and
intra-assay coefficient of variation was 10-20%.

Western blot analysis

The PBM for Western blot analyses were harvested,
lysates prepared, and stored at —80°C until analyzed as
previously described [34]. Briefly, 30 pg protein of PBM
lysate was loaded onto each lane and FBPase, CDDase
and CYP24 proteins were resolved on 8, 9 and 10%
SDS-PAGE, respectively. Protein bands were trans-
ferred by electro-elution and probed with the appro-
priate polyclonal rabbit anti-rat primary antibodies
(FBPase, CDDase or CYP24 antibody). The protein
bands were detected with ECL Western blotting kit
according to manufacturer’s instructions (Amersham
Corp., Arlington Heights, IL, USA). Pretreatment
Western blot densitometry measurement of FBPase,
CDDase and CYP24 protein bands were normalized to
1 arbitrary unit for each individual patient. Protein
loading was assessed using the f-actin protein bands.

Other analytical methods

Serum calcitriol concentrations were determined using
1,25-dihydroxyvitamin Ds-[I'*°] RIA kits as previously
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described [11]. Protein concentrations were deter-
mined by the Bio-Rad protein-binding assay using
bovine serum albumin as the standard [35].

Data analysis and statistical methods

The Wilcoxon rank sum test and/or ANOVA analysis
were used to compare baseline, time dependent and
calcitriol-induced changes in PBM FBPase, CDDase
and CYP24 activities as appropriate. Correlations were
determined using the Spearman correlation coefficient
(rs). Statistical significance of data was determined by
ANOVA or Wilcoxon signed rank test as appropriate.
A P value of < 0.05 was considered significant. All
statistical calculations were performed using NCSS
statistical software (Kaysville, UT, USA).

Results
Study population characteristics

Twenty patients with the following cancers: lung
(n = 6), colorectal (n = 4), brain (n = 3) and miscella-
neous solid tumors (n = 7) and 28 healthy volunteers
(10 FBPase, 10 CDDase and 8 CYP24 activities) were
studied. The median ages of the cancer patients and
healthy volunteers studied were 64.9 years (range, 32—
81) and 58.6 years (range, 30-69), respectively
(P > 0.05). The ratio of men to women for the two
study population was 2:1. The median PBM yield from
24 ml of blood was 6.0 x 10°cells (range, 2.1-
15.6 x 10° cells). Because of the variability in PBM
yields, PBM enzyme activities and western blot anal-
ysis could not be measured in all patient samples. The
number of patients studied is indicated in appropriate
results sections.

Baseline PBM enzyme activities

Compared to healthy volunteers, cancer patient PBM
exhibited low FBPase and increased CYP24 baseline
activities; CDDase activity was not different (Table 1).
Daily measurements of PBM FBPase, CDDase and
CYP24 activity in three healthy volunteers for 3 con-
secutive days showed no significant variability (Fig. 1).

Serum calcitriol level
Peak serum calcitriol levels achieved after the subcu-
taneous administration of 4, 6, 8 and 11 pg calcitriol

doses were at least x3 higher than pre-baseline levels
(Table 2).

@ Springer

Effect of calcitriol treatment on PBM FBPase
activity

An increase in the PBM FBPase activity was observed
within 6 h of administration of the first dose of calcit-
riol and was within the healthy volunteers PBM
FBPase activity range 48 h after starting treatment
(Fig. 2a). The increase in FBPase was observed in all
eight patients with baseline PBM FBPase activity of
< 2 nmol/min/mg protein; the decrease in the three
patients with high baseline FBPase activity was not
significant (Fig. 2b). A positive and significant corre-
lation between baseline PBM FBPase activity and
pretreatment serum calcitriol levels was observed
(Fig. 2c). Western blot analysis, in three cancer pa-
tients, showed a 30-50% calcitriol treated mediated
increase in PBM FBPase protein expression (Fig. 2d).

Effect of calcitriol treatment on PBM CDDase
and CYP24 activities

PBM CDDase activity decreased 6 h after the calcitriol
treatment and was barely detectable at 48 h (Fig. 3a).
There was no relationship between calcitriol-induced
changes in PBM CDDase activity and pretreatment
serum calcitriol levels or PBM CDDase protein
expression. No consistent or significant changes in
PBM CYP24 activity were observed after the calcitriol
treatment (Fig. 3b). No apparent calcitriol dose—en-
zyme activity response relationship was seen. No pa-
tient developed hypercalcemia, defined as serial
weekly serum calcium levels post-calcitriol treatment
of > 11 mg/dL

Discussion

Our examination of the baseline calcitriol responsive
enzyme activities revealed an unexpected and signifi-
cant decrease in FBPase enzyme activity in PBM of
cancer patients compared to healthy volunteers. The
mechanisms underlying these observations are uncer-
tain. However, two observations from this study sug-
gest that calcitriol plays a role in the pathogenesis of
low baseline FBPase activity in cancer patients: First,
calcitriol treatment-induced increase in PBM FBPase
activity was observed only in patients with low baseline
activity and had no effect in patients with high baseline
PBM FBPase activity. Second, there was a positive and
a significant association between pre-treatment serum
calcitriol levels and baseline PBM FBPase activities.
Since normal serum creatinine and BUN levels were
a prerequisite for enrollment in the study, we suggest
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Table 1 Baseline activities of
calcitriol responsive PBM
enzymes

Study population

PBM enzyme activities

FBPase
(nmol/min/mg protein)

CDDase
(nmol/min/mg protein)

CYP24
(fmol/h/10° cells)

Cancer patients
Healthy subjects
P value®

Results are presented as
median and (range)

1.0 (0.0-43.5) (N = 19)
44 (3.1-82) (N = 10)
0.002

5.6 (2.5-22.3) (N = 9)
6.6 (1.1-47.4) (N = 10)
> 0.05

2.5 (0.9-9.3) (N = 8)
0.8 (0.4-2.0) (N = 8)
0.016

#Wilcoxon signed rank test

that impaired kidney function is not the reason for low
serum calcitriol levels as observed in our advanced
cancer patients. The low serum calcitriol levels in the
advanced cancer patients has previously been attrib-
uted to impaired skin biosynthesis of calcitriol pre-
cursors secondary to limited exposure to UV and/or
dietary deficiencies [36, 37]. The high baseline CYP24
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Fig. 1 PBM FBPase (squares), CDDase (circles) and CYP24
(triangles) activities measured daily for 3 consecutive days in
three untreated healthy volunteers. Units of FBPase and
CDDase activities are nmol/min/mg protein; fmol/2 h/10° cells
for CYP24 activity

Table 2 Peak serum calcitriol levels achieved after subcutaneous
calcitriol

Calcitriol dose N Peak serum
(ng/day) calcitriol (pg/ml)
4 3 130 (102-238)

6 5 398 (288-485)

8 5 389 (312-984)
11 3 856 (250-1,434)

Results are presented as median and (range). Median (and
range) baseline serum calcitriol levels for healthy volunteers and
cancer patients were 48.5 (13-87) and 34.5 (13-104) pg/ml,
respectively

activity, as we have observed in our cancer patient
PBM, suggests that increased calcitriol oxidation may
also play a role in the pathogenesis of low serum cal-
citriol levels. The reason for high baseline CYP24
activity in cancer patients PBM is unknown but cyto-
kines, such as IL4, has been reported to modulate
CYP24 activity [38, 39]. The increased baseline PBM
CYP24 activity observed in this study could be attrib-
uted to tumor derived cytokines or other autocrine,
endocrine and/or paracrine factors. The calcitriol
treatment would be expected to have no effect if can-
cer patient PBM CYP24 activity is already maximally
stimulated or induced.

Our results indicate that the calcitriol treatment in-
duced significant increase in FBPase and decrease in
CDDase activities in cancer patient-derived PBM.
These enzyme activity changes were contrary to the in
vitro results using human myeloid cells where calcitriol
treatment increased CDDase activity [19, 25, 33]. One
potential explanation for these in vitro and in vivo
differences may be differences in the fate of calcitriol-
induced maturation of the monocytes into macro-
phages. In cell culture, macrophages stay in the culture
flask, whereas in cancer patients maturing PBM exit
from circulation as tissue macrophages and thus did
not contribute to enzyme activities measured in this
study. The repopulation of the circulating blood by
relatively immature PBM that characteristically exhibit
low catabolic enzyme activities may thus account for
the PBM enzyme activity profile observed in this study
[18, 19, 21, 40]. An alternative explanation for the lack
of significant correlation between PBM enzyme activ-
ity profile after the calcitriol treatment and protein
expression could also be due to calcitriol-mediated
post-translational modification of mature FBPase,
CDDase and CYP24 proteins. Post-translational
modification of the phosphorylation status of the fer-
redoxin component of CY24 complex and the FBPase
protein are both known to regulate the activities of
these enzymes [41-44].

Although the molecular mechanisms underlying the
changes in PBM calcitriol-responsive enzyme activities
we observed remains unknown, our results suggest that
calcitriol treatment-induced increase in PBM FBPase
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Fig. 2 PBM FBPase activities in cancer patients treated with 4,
6, 8 and 11 pg calcitriol subcutaneously daily for 3 consecutive
days. Time course of calcitriol induced changes in FBPase
activity (a). Relationship between calcitriol induced change in
FBPase activity (24 h activity—baseline activity) and baseline
FBPase activity: the increase in FBPase activity in eight patients
with baseline PBM FBPase activity of < 2 nmol/min/mg protein
was significant (P = 0.007); the decrease in FBPase activity in the

and decrease in CDDase as potential early and sensi-
tive PD measures of calcitriol effects in advanced
cancer patients. Unlike serum calcium measurements,
which require administration of either multiple or high
doses of calcitriol and has a delayed time of onset, the
calcitriol-induced changes in PBM FBPase and
CDDase activities are elicited within 6 h of adminis-
tration of a single non-hypercalcemic calcitriol dose.
The utility of PBM CYP24 activity as PD measure is
diminished by the variability and inconsistencies in the
calcitriol-induced changes in activity.
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Calcitriol treatment induced A in PBM
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three patients with baseline activity > 2 nmol/min/mg protein
was not significant (b). The test for the significance of the
association baseline FBPase activity values and pretreatment
serum calcitriol levels using transformed log of (FBPase + 1) in
order to meet normality assumption, was significant (c). The
increase in PBM FBPase protein expression 6 and 24 h post-
calcitriol treatment was not significant (d)

In summary, this study has documented normal
CDDase, low FBPase and high CYP24 baseline en-
zyme activities in PBM of advanced solid tumor pa-
tients and a rapid increase and normalization of
FBPase, and a decrease in CDDase activity after
calcitriol treatment. These results suggest that the
calcitriol-induced increase in PBM FBPase and the
decrease in CDDase activities are potential early and
sensitive non-hypercalcemia pharmacodynamic mea-
sures of calcitriol effects in advanced solid tumor
patients.
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Fig. 3 Time course of changes in CDDase (a) and CYP24 (b)
activities in PBM of cancer patients treated with 4, 6, 8§ and 11 ng
doses of subcutaneously administered calcitriol daily for 3
consecutive days. P values determined by one-way ANOVA.
Western blot analysis of PBM CDDase and CYP24 protein
expression before and 6 and 24 h after calcitriol dose were
variable and not significant (data not shown)
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