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Abstract Background. Positron emission tomography
(PET) scanning can be used to measure blood flow.
When interleukin-1la (IL-1) is given in a murine model, it
induces acute hemorrhagic necrosis, tumor vascular
injury and decreased tumor blood flow, and when given
prior to carboplatin, there is enhanced antitumor
activity compared to either agent alone. Methods: In a
phase I trial of IL-1 and carboplatin, eligible patients
with metastatic disease to the lung had PET scanning
performed with '>O water to assess tumor blood flow
before and after IL-1 administration. Doses of IL-1 were
0.03, 0.06, 0.10, 0.15, 0.20 and 0.30 pg/kg given i.v. over
2h. At 4h after IL-1 initiation, carboplatin was
administered as a 30-min i.v. infusion at a dose of

This work was previously reported in part at the American Asso-
ciation for Cancer Research Annual Meeting 1994 and at the
American Society of Clinical Oncology Meeting 1996.
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400 mg/m>. Treatment was repeated every 28 days.
Other measured parameters included granulocyte
kinetics, integrin expression on circulating WBC, and
carboplatin pharmacokinetics. Of 16 patients, 11 (8
evaluable) underwent PET scanning before and at 2, 4
and 24 h after IL-1 initiation. Results: Mean measured
pretreatment tumor blood flow was 1.82 ml/min per g.
At 2,4 and 24 h it was 1.35, 1.67 and 1.62 ml/min per g
respectively. Tumor blood flow was significantly
decreased (P <0.008) at 2 h after IL-1 initiation. In four
patients, liver blood flow was measured at the same
time-points as tumor blood flow. Liver blood flow was
discordant with the tumor blood flow measures, showing
no statistically significant change. IL-1 also caused a
decreased WBC at 2 h after initiation (n =14, P=0.025).
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In addition, polymorphonuclear leukocyte (PMN) and
monocyte surface expression of CDI11b at 2 h was
increased when measured by mean fluorescence intensity
flow cytometry (PMN P=0.0269, monocytes P=
0.0420). No consistent effect of IL-1 on either carbopl-
atin AUC or platelet nadir was demonstrated.
Conclusions: We conclude that IL-1 has measurable ef-
fects on tumor blood flow and causes a significant de-
crease in blood flow as measured by PET scanning with
150 water at 2 h after initiation. This decrease is tem-
porally associated with a significant leukopenia and an
increased expression of the adhesion integrin CD11b on
the circulating cell surface (PMN and monocytes). These
results suggest that IL-1 causes decreased tumor blood
flow in vivo in human cancer patients, an effect that was
temporally related to cytokine-induced peripheral blood
cellular changes. Furthermore, our findings suggest that
PET scanning may be useful to assess the effect of a
systemic antineoplastic agent on tumor blood flow in
cancer patients.

Keywords Tumor blood flow - Interleukin-1 - Positron
emission tomography scanning - Phase |
trial - Carboplatin

Introduction

In the late 19th and early 20th centuries, William
Coley observed that cancer patients treated with mixed
bacterial vaccines (Coley’s toxins) [11] experienced tu-
mor necrosis. Currently, there is interest in the devel-
opment of antiangiogenesis drugs to target tumor
vasculature. The cytokines interleukin-1 (IL-1) and
tumor necrosis factor (TNF) have been shown to in-
duce tumor hemorrhagic necrosis in animal tumor
models [5, 9]. In this process tumor vasculature col-
lapses with bleeding into the necrotic tumor without
affecting normal vasculature. The mechanism for
hemorrhagic necrosis and the reasons that tumor vas-
culature seems to be targeted specifically are not well
understood. Hemorrhagic necrosis has been well doc-
umented in animal models. Yet, since Coley’s work
nearly 100 years ago, it has not frequently been de-
scribed in treated human cancer patients [45, 50] with
the exception of TNF isolation-perfusion studies in
melanoma [34] and sarcoma [18, 19]. The lack of hu-
man studies may be due to the absence, until now, of
an established clinical method to evaluate changes in
tumor blood flow or vascularization. Our study con-
firms that positron emission tomography (PET), which
has been used to evaluate tumor glucose metabolism
[57], and both organ [23, 37, 64] and tumor blood flow
[2, 44, 60], can be used to evaluate changes in tumor
blood flow with treatment.

Previous studies on animals at the University of
Pittsburgh informed the approach we chose for human
patients. IL-1 had been shown to induce hemorrhagic

acute tumor necrosis with decreased tumor blood flow
and increased tumor clonogenic cell kill [5]. Further-
more, IL-1 proved to potentiate the antitumor activity
of various chemotherapeutic drugs (mitomycin C,
puromycin, cisplatin, etoposide and carboplatin) [6, 10,
31, 32, 39, 54, 62]. The combination of IL-1 and car-
boplatin has been studied extensively in a murine tumor
model, and these studies have demonstrated a signifi-
cantly more enhanced clonogenic tumor cell kill when
IL-1 is added to carboplatin than when either agent is
used alone (3 logs of cell kill greater than carboplatin
alone) [10]. The schedule and time sequence of IL-1
dosing is important: maximal tumor clonogenic cell kill
is found when IL-1 is infused 46 h prior to carboplatin.
The tumor and normal tissue content of platinum is
significantly higher in animals treated with the combi-
nation of IL-1 and carboplatin compared to animals
treated with either agent alone. Similar synergistic an-
titumor activity of IL-1/carboplatin has been noted by
Wang et al. [58] in a human ovarian carcinoma xeno-
graft model. However, in this model increased platinum
uptake in tumors and increased DNA-platinum adduct
formation in tumor cells was noted. The ability to alter
tumor blood flow may impact significantly on the de-
livery of cytotoxic agents to the tumor microenviron-
ment, yet the mechanism of the enhanced effect of 1L-1
followed by carboplatin has not been explained nor has
any potential relationship with altered tumor blood
flow.

Phase I, early phase II, and other studies of IL-1
combined with cytotoxic drugs mainly to test its bone
marrow-sparing effect, have been completed [15]. The
pharmacokinetics of intravenous (i.v.) IL-1« have been
incompletely described as serum samples in all but
patients treated at the highest doses contained no
measurable IL-1o in the phase I study [51]. Kopp et al.
[33] have reported peak levels of IL-la as 95 and
435 pg/ml in two patients treated with 1.0 pg/kg IL-1.
These levels were undetectable within 1 h of complet-
ing infusion in both patients, and within 3 h in a third
patient.

In our trial, a fixed dose of carboplatin was chosen
and IL-1 was dose-escalated starting at a low dose
described in a phase I trial of IL-1 alone [51]. We hy-
pothesized that IL-1 would decrease tumor blood flow
in human cancers in a similar fashion to that previously
described in animals. We tested granulocyte Kkinetics
and integrin expression, based on earlier human studies
with TNF showing granulocyte and integrin changes at
times when decreased blood flow and tumor hemor-
rhagic necrosis had been described in animal models
[35, 36]. We hypothesized a relationship between these
parameters and any IL-1-induced decrease in tumor
blood flow.

Drawing from our animal investigations, we devel-
oped a new schedule of IL-1 followed by carboplatin for
this phase I study and examined the effect of IL-1 on
carboplatin pharmacokinetics and tumor blood flow as
evaluated by PET scanning.



Methods

Patient selection

Patients eligible for this phase I trial had metastatic, progressive
cancer without an established treatment option. They were entered
and treated from July 1993 through July 1995. No chemotherapy
or radiotherapy within the prior 4 weeks (8 weeks for mitomycin C
or nitrosoureas) was permitted. An Eastern Cooperative Oncology
Group (ECOG) performance status of < 2 was required. Patients
must have had measurable or evaluable disease, and no significant
cardiac history. If female, a negative pregnancy test was manda-
tory. All patients were required to have a serum creatinine
<1.5 mg/dl or creatinine clearance > 60 ml/min, a serum bilirubin
of <2.0 mg/dl, and SGOT less than four times the upper limit of
normal, a platelet count >100,000/ul, a WBC count >3500/ul and
normal prothrombin and partial thromboplastin times. To permit
simultaneous PET imaging of the cardiac blood pool structures and
tumor, patients who underwent PET scanning were required to
have a metastatic lung tumor located within 10 cm (axially) of the
left atrium or ventricle. Patients were ineligible if they had one or
more CNS metastasis, leukemia, known hepatitis B surface antigen
or human immunodeficiency virus positivity, or if their tumor was
refractory to cisplatin or carboplatin (prior clinical disease pro-
gression on either agent). None of the patients had received prior
platinum-based chemotherapy. This study was approved by the
University of Pittsburgh IRB and all patients gave informed con-
sent.

Treatment plan

IL-1 was given i.v. over 2 h. Carboplatin (400 mg/m?) was infused
i.v. over 30 min starting 4 h after initiation of the IL-1. Treatments
were repeated every 28 days. PET scanning was performed on the
first treatment day only in patients with appropriately localized
metastatic tumor. Patients were treated for two cycles and re-
evaluated for antitumor effect. All patients were followed for tox-
icity, which was graded according to the National Cancer Institute
(NCI) Common Toxicity Criteria Scale. Hypotension was consid-
ered dose-limiting if it was not controlled with i.v. fluid or if
treatment with vasopressors was required. Hypotension was treated
with i.v. isotonic saline for blood pressure change with orthostatic
maneuvers or supine hypotension. A pulse rise of >20 beats/min
was treated with 250 ml of rapidly infused isotonic saline. A sys-
tolic or diastolic blood pressure decrease of 220 mmHg was treated
with 500 ml of rapidly infused isotonic saline. Supine hypotension
<90/60 mmHg was treated with 1000 ml of rapidly infused iso-
tonic saline. Intravenous fluid infusions were to be repeated every
20-30 min until blood pressure stabilized.

IL-1 was started at a dose of 0.03 pg/kg and escalated through
the following dose levels: 0.06, 0.10, 0.15, 0.20, and 0.30 pg/kg. The
carboplatin dose was held constant at 400 mg/m>. Three patients
were treated on each dose level. Patients with grade 3 toxicities,
with the exception of hematologic, constitutional, stomatitis, and
CNS, were taken off study. Dose modifications were allowed for
grade 3 myelosuppression, CNS toxicity, nephrotoxicity, constitu-
tional symptoms and hypotension. The maximum tolerated dose of
this combination for a given dose level of IL-1 was defined as that
level at which two of three patients experienced toxicity attribut-
able to IL-1 of grade 3 or more.

Interleukin-1

IL-1a (IL-1) was provided by the National Cancer Institute Cancer
Treatment Evaluation Program (NCI CTEP). Immunex Corpo-
ration (Seattle, Wash.) manufactured the IL-1 used for the first
three patients on this protocol. Dainippon (Osaka, Japan) pro-
duced the IL-1 used to treat all subsequent patients. Both products
were derived from E. coli and were 159 amino acid proteins
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differing by one amino acid in the second position. The molecular
weights were similar and approximately 18,000 Da. Both proteins
showed activity in different bioassays, which were not directly
compared.

PET scanning

Subjects were imaged with an ECAT 951R/31 PET tomograph
(CTI PET Systems, Knoxville, Tenn.), and 31 contiguous planes of
data were recorded simultaneously over an axial length of 10.8 cm.
Images were constructed using a 0.3 Hanning filter resulting in an
average transverse spatial resolution of 12 mm (FWHM). Utilizing
chest radiographs and/or CT images, subjects were positioned so
that both the tumor and the heart were in the field of view of the
tomograph. Preliminary rectilinear imaging using external rod
sources of germanium (°®Ge) verified positioning. Before each pair
of emission studies, 10 min of transmission data were acquired with
the same rod sources for measured attenuation correction of the
subsequent emission images. Prior to each set of scans, patients
were positioned in the PET scan gantry based on transmission
images compared to the first transmission image, and each posi-
tioning was confirmed by a physician so that the regions used were
as close as possible across different time-points. Radioactive water
was introduced as a 30-s peripheral i.v. infusion. Administered
doses were in the range 25-50 mCi (925-1850 MBq) of H,'"O.
Data acquisition was initiated at the start of tracer injection.

The imaging protocol consisted of 12 time frames of 5 s each,
followed by 5 of 10 s each, and 3 of 20 s each, for a total of 20
frames in 170 s. All frames were acquired in two dimensions. Be-
fore IL-1 infusion, two identical data sets, separated by 12 min,
were acquired. Thereafter, similar pairs of data were acquired at 2,
4 and 24 h after the onset of the IL-1 infusion. Where two values
were available, they were averaged; otherwise single values were
used. Image data were acquired and analyzed using ECAT Scanner
Software version 6.4d (CTI PET Systems, Knoxville, Tenn.) run-
ning on Sun SPARC stations.

For each pair of data, the corresponding transmission image as
well as the CT images and the PET emission image summed over
frames were used for region of interest (ROI) selection. Every at-
tempt was made to place ROIs in the same place for the same
tumor at each time-point in each patient. The left ventricular blood
pool ROI was chosen to be small enough to minimize end systolic
myocardial overlap. The lung tumor ROIs were chosen to include
as much of the tumor as possible, while avoiding areas of possible
necrosis as shown by greatly diminished tracer accumulation and
corresponding decreased CT attenuation. These ROIs were drawn
on multiple (three to seven) contiguous, transaxial image planes.
The time sequence of radioactivity in these regions was then used to
determine tumor blood flow.

The only treatment given for hypotension during PET scanning
was i.v. normal saline which would not be expected to affect PET
measurements.

Tumor blood flow determination

150-labeled water is a metabolically inert, freely diffusible tracer. Its
behavior in tissue can be described by the following differential
equation for a single tissue compartment model [28]:

dC(t)/dt = F - Cy(t) — (F/Vg+ 2) - C(t)

where Cy(t) is the regional tissue concentration of H,'’O [becqu-
erels per milliliter (tissue)] as a function of time t, Cy(t) is the ar-
terial whole blood concentration of H,'°O (becquerels per
milliliter) as a function of time t, F is the regional blood flow
(milliliters of blood per milliliter of tissue per minute), V4 is the
volume of distribution of water (milliliters of blood per milliliter of
tissue), and A is the decay constant of '*O (0.338 min™').
The solution to this differential equation is given by [28]:

Ci(t) = F - Cy(t) x exp[—(F/Vq + 4) - t]
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where the asterisk denotes convolution. Cy(t) represents the tissue
response to an arterial input function C,(t). When C,(t) and Cy(t)
are measured over time with dynamic PET, estimates of both F and
V4 can be obtained using standard nonlinear regression analysis.

In this study the left ventricular and tumor time-activity curves
yielded the functions C,(t) and C(t). The data were also fitted with
an arterial blood volume component [27]:

Cy(t) = Vart - Cy(t) + F - Co(t) * exp[— (F/V4 + 4) - t]

where Vart is the arterial blood volume of the tumor. A zero value
for this component suggests that the tumor arterial volume is
negligibly small. Data could not be fitted unless the lung tumor
time-activity curve rose later than the cardiac curve in all cases.

Carboplatin pharmacokinetics and pharmacodynamics

At 30 min and 1, 2, 8, and 24 h after initiation of the carboplatin
infusion, blood was drawn into heparinized Vacutainers and sep-
arated by centrifugation at 1000 g for 10 min. The resulting plasma
was transferred to 12x125-mm screw-capped polystyrene tubes and
stored at —70°C. Protein-free plasma ultrafiltrates were prepared by
placing a portion of plasma into Amicon Centrifree micropartition
devices (Amicon Division, W.R. Grace and Co, Beverly, Mass.)
and centrifuging the devices at 2000 g for 20 min at 4°C in a Sorvall
RC-2B centrifuge (DuPont, Wilmington, De.).

The platinum concentrations in plasma and ultrafiltrates were
determined with a Perkin-Elmer model 1100 flameless atomic ab-
sorption spectrometer (Perkin-Elmer, Norwalk, Ct.) using a pre-
viously described and validated assay [20]. Time courses of plasma
concentrations of both total and ultrafilterable platinum in plasma
were analyzed by non-compartmental methods. The area under the
curve from zero to infinity (AUC) and terminal half-life (t;,) were
estimated with the LaGrange function [63] as implemented by the
LAGRAN computer program [46]. Carboplatin AUC was calcu-
lated from the relationship: carboplatin AUC=1.90 (ultrafilterable
platinum AUC). Carboplatin clearance was calculated from the
definition: clearance =dose/AUC. The carboplatin AUC expected
in each patient was calculated from the carboplatin dose delivered
to that patient, that patient’s creatinine clearance (Ccr) and a re-
arrangement of the Calvert dosing equation [7] in the form:

Carboplatin Dose (in mg)

AUC Expected = (Cor+25)

For each patient, the measured ultrafilterable platinum AUC
was used along with a sigmoid Emax model relating ultrafilterable
AUC and percentage reduction in platelet count [3].

Blood counts and flow cytometry
CBC

Samples for complete blood counts (CBC) were drawn into stan-
dard ethylene-diaminetetraacetic acid vacuum tubes. Samples ob-
tained from i.v. lines were used after discarding a dead volume,
and, for all samples, either after interruption for the period of the
blood sampling of any ongoing IL-1 infusion or from another i.v.
site. Complete blood counts were performed using either a Coulter
Counter S+1IV (Coulter Electronics, Hialeah, Fl.) or a Coulter
STKS system. Differential blood counts were performed manually
or using the Coulter STKS system.

Integrins

At specified times, blood samples were collected in 4-ml heparinized
tubes and immediately taken to the laboratory. Expression of 2
integrins CD11a, b and ¢ was determined by indirect immunoflu-
orescence. A 100-pul sample of whole blood, containing approxi-
mately 1x10° cells was incubated on ice for 30 min with 20 ul
monoclonal antibody to CDI11a, b or c (AMAC, Westbrook, Me.).

Cells were washed twice with cold phosphate-buffered saline (PBS)
and resuspended in 100 pl PBS, 25 pl fetal bovine serum, and 5 pl
FITC-labeled, goat, anti-mouse monoclonal antibody (Gam-FITC)
(AMAC). The mixture was further incubated for 30 min on ice and
in the dark. Following incubations, 2 ml lysing reagent (buffered
ammonium chloride, pH 7.4) was added, and the specimen was
immediately agitated vigorously. The sample was then fixed with
200 pwl 2% paraformaldehyde. Analysis was performed with a
FACScan (Becton Dickinson, Mountain View, Calif.) operated at a
wavelength of 488 nm. Background fluorescence was determined
using an appropriate immunoglobulin isotype subclass control that
was run with each specimen. Cells for analysis were selected from
cytograms on the basis of forward and right-angle light scatter
characteristics. The fluorescence intensity of the appropriately
gated cells was measured, and the mean fluorescence intensity was
determined as the mean channel number of the fluorescence
intensity peak.

Statistics

Within-patient differences at each time were calculated by sub-
tracting the patient’s baseline value. A two-tailed signed-ranks test
was then applied to the set of differences at each time-point. Linear
regression and correlation were used to examine associations be-
tween clinical and pharmacokinetic parameters. Residuals from
regression models were plotted and examined for appropriateness
of the models.

Results
Tumor blood flow measurements by PET

Of 16 patients (Table 1), 11 underwent PET scanning.
Evaluable information was obtained in eight (five met-
astatic renal cell carcinomas, one metastatic thyroid
carcinoma, and two metastatic breast carcinoma). In
one patient, no data were obtained, possibly secondary
to necrotic tumor. In another patient, the delay between
H,'°O injection and imaging was prolonged due to
technical difficulties, and the data were not usable. In a
third patient, the data could not be properly modeled.

Table 1 Patient characteristics

Male/female 10/6
Age (years)
Median 60.5
Range 40-77
Performance status
0 12
1 2
2 2
Tumor type
Renal cell 7
Breast 2
Colon/rectum 4
Lung 1
Thyroid 1
Melanoma 1
Prior therapy
Surgery 15
Chemotherapy 14
Radiotherapy 8
Immunotherapy 2
Hormone therapy 1




After injection of H,'>O, time-activity curves were
generated from PET count measurements within ROIs
placed over the heart and the tumor (Fig. 1). These
curves allowed calculation of tumor blood flow, volume
of distribution, and blood volume for the tumor as
described in the model presented (Tables 2, 3 and 4).
Decreased tumor blood flow was noted in all eight
patients at 2 h after IL-1 initiation (P=0.008; Table 5
and Fig. 2A). At 4 and 24 h, tumor blood flow in-
creased relative to the value at 2 h and was no longer
significantly different from baseline (P=0.25 at 4 h,
P=0.84 at 24 h). Because patients receiving IL-1 be-
came hypotensive (Fig. 3), this decrease in systemic
blood pressure could theoretically account for the ob-
served reduction in tumor blood flow. However, the

Fig. 1A-D Time activity curves obtained from ROIs drawn over
heart and tumor PET scan images after rapid injection of H,">O.
Representative example from a patient at times: A pre-IL-1, B 2 h,
C 4 h, D 24 h (F tumor blood flow, DV volume of distribution, BV
blood volume, cnts/pix/min counts/pixel/minute). Curves were
drawn to fit the data as described in the text. These data were
obtained from the second patient (no. 307) enrolled who had renal
cell cancer and was treated on the lowest dose level
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lowest value for tumor blood flow occurred at 2 h
while systemic blood pressure rose early and then
gradually decreased reaching a nadir at 4-6 h, sug-
gesting that systemic hypotension may not be solely
responsible for these time-dependent changes. Liver
and tumor blood flow was measured simultaneously in
four patients, and in three of the four liver flow rose
when tumor flow was maximally decreased (Fig. 2B).
Additionally, the time-activity curves from normal liver
were different in shape (not shown) from those from
metastatic lung nodules.

The volume of distribution of H,'°0, which when
described by this method estimates the volume of tissue
perfused, was noted to be in a similar range to that
previously found in primary breast cancers [60]. It de-
creased significantly at 2 h after IL-1 initiation (P=
0.008, signed ranks test) and subsequently increased
toward baseline. Conversely, tumor blood volume
increased at both 2 and 4 h after IL-1 initiation
(P=0.03, signed ranks test). Changes in these parame-
ters are related. Both flow and volume of distribution
decline and rise together in time while tumor blood
volume increases.
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Table 2 Tumor blood flow (milliliters per minute per gram)

Patient ID Pretreatment After IL-1 initiation

2h 4h 24 h
233 (RCC) 1.90 1.66 3.07 2.10
307 (RCC) 0.72 0.47 0.51 0.57
345 (RCC) 3.44 2.39 3.22 3.30
640 (RCC) 1.08 1.00 1.21 1.34
669 (breast) 0.85 0.74 0.75 0.72
776 (thyroid) 3.20 1.92 1.86 2.13
789 (RCC) 1.57 1.38 1.27 1.63
796 (breast) 1.81 1.24 1.44 0.70
Mean+SE 1.82+0.36 1.35+£0.22* 1.67+0.35 1.56+0.33
*P<0.01

Pretreatment tumor blood flow was greater than
previously described [60] and was highest in patients
with renal cell and thyroid cancer metastases.

White blood cell and integrin kinetics

In 14 patients, serial WBC counts were obtained and
the surface expression of CDlla, b and ¢ on granu-
locytes, monocytes, and lymphocytes was measured. A
substantial decrease in WBC count occurred 2 h after
IL-1 initiation (n=14, P=0.025). At this time, levels
of granulocytes (P=0.027), monocytes (P=0.042),
and ymphocytes were significantly diminished. Subse-
quently, there was a recovery and overshoot with
increasing numbers of granulocytes and monocytes
present in the peripheral blood (Fig. 4A, B). Serial
measurements of CDIlla, b and ¢ on granulocytes,
monocytes, and lymphocytes in 14 patients at the
same time-points demonstrated increased expression of
cell surface CDI11b, expressed as mean fluorescence
intensity, on both granulocytes (P=0.0269) and
monocytes (P=0.0420) at 2 h (Fig. 4C, D). There

Table 3 Volume of distribution

(milliliters per milliliter) Patient ID Pretreatment After IL-1 initiation
2h 4h 24 h
233 (RCC) 0.6247 0.5676 0.6369 0.6589
307 (RCC) 0.3769 0.3209 0.2468 0.3025
345 (RCC) 0.8965 0.8255 0.8100 0.6475
640 (RCC) 0.5676 0.5150 0.5908 0.5955
669 (breast) 0.5020 0.4725 0.4882 0.53047
776 (thyroid) 0.7669 0.7474 0.7716 0.6530
789 (RCC) 0.3149 0.2716 0.3421 0.3618
796 (breast) 0.4107 0.3490 0.2584 0.4143
Mean = SE 0.55754+0.07 0.5086+0.07* 0.5180+0.08 0.5200+0.05
*P <0.01
a)ﬁlel;l;‘i‘ll;rhltlélrl)() r blood volume Patient ID Pretreatment After IL-1 initiation
2h 4 h 24 h
233 (RCCO) 0.0394 0.1040 0.0600 0.0170
307 (RCC) 0.2150 0.3874 0.3604 0.3805
345 (RCC) 1.00x10°° 1.00x10°° 1.0x10° 1.00x10°°
640 (RCC) 0.0386 0.1372 0.1124 0.0560
669 (breast) 0.1780 0.2440 0.3117 0.3510
776 (thyroid) 0.0077 0.00652 1.00x10~° 1.00x10~°
789 (RCC) 0.2660 0.3129 0.3672 0.2227
796 (breast) 0.04939 0.1916 0.2424 0.1075
Mean £+ SE 0.0990 +0.04 0.1730 £ 0.05** 0.1820+0.06** 0.1420+0.06
**p <0.05
Table S Tumor blood flow/liver blood flow by time
Tumor Liver
Pre-1L-1 2h 4h 24 h Pre-1L-1 4h 24 h
Number of patients 8 8 8 4 4 2
Blood flow (ml/min/g, 1.82+1.02 1.35+0.64 1.67+1.00 1.62+0.88 0.74+0.50 0.78+0.12 1.00£0.42  0.60+0.07
mean + SD)
P value® - 0.008 0.250 0.844 - 0.875 0.265 -

Signed ranks test vs pre-IL-1
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Fig. 2 A Posttreatment within-patient changes in tumor blood flow
measured by PET pre-IL-1, and at 2, 4 and 24 h after the start of
IL-1. Each point indicates the difference between the posttreatment
tumor blood flow and the baseline. Means at each time are
connected and error bars are drawn to depict two standard errors.
Tumor blood flow at 2h was significantly lower than at
pretreatment (signed ranks test P=0.008). B Posttreatment
within-patient changes in liver blood flow measured by PET pre-
IL-1, and at 2, 4 and 24 h after the start of IL-1. Each point
indicates the difference between the posttreatment mean liver blood
flow and the baseline. Means at each time are connected and error
bars are drawn to depict two standard errors. Measurements were
available for four patients

were no significant changes in CDI11a and ¢ (data not
shown).

Carboplatin pharmacokinetics/pharmacodynamics

Carboplatin pharmacokinetics were measured in ten
patients. The correlation coefficient for predicted AUC
of carboplatin versus observed AUC of carboplatin
was 0.77 (P=0.02) suggesting no significant difference.
In Fig. 5A, the difference between the observed AUC
and that predicted by the Calvert formula [7] and IL-1
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Fig. 3 Posttreatment within-patient changes in mean arterial
pressure during the 24 h after the start of IL-1 infusion. Each
point indicates the difference between the posttreatment arterial
pressure and the baseline. Means at each time are connected and
error bars are drawn to depict two standard errors. Mean arterial
pressure was significantly diminished at 3 through 12 h (all signed
ranks tests P <0.05)

dose is plotted. The regression slope was not different
from zero (P=0.38) suggesting that IL-1 dose could
not explain any deviation in carboplatin AUC from
that predicted. Increasing IL-1 dose had no effect on
observed carboplatin AUC (P=0.46). The percentage
decrease in platelet count [(pretreatment platelet count—
posttreatment platelet count)/pretreatment platelet
countx100] versus IL-1 dose is plotted in Fig. 5B. The
regression slope of —278 (P=0.02) is equivalent to a
2.78% decrease in platelets for an increase of 0.01 pg/
kg of IL-1, and suggests that IL-1 might modulate
thrombocytopenia. However, an alternate analysis of
percentage error yielded a mean percentage error of
—4%, which is not significantly different from zero.
This latter result implies no effect of IL-1 dose on
platelet count.

Clinical outcome

A total of 16 patients (Table 1) were entered into the
trial, and the maximum tolerated dose was never
reached. The trial was stopped because IL-1 became
unavailable for clinical use. Seven patients had stable
disease after two cycles of therapy. Interestingly, one
patient with heavily pretreated renal cell cancer had
gradual tumor shrinkage by 51% over ten cycles of
treatment. CT scans were not obtained at 1 month
after tumor shrinkage had reached 50% so that the
I-month duration required in the definition of partial
response was not met. Therefore, the patient was
considered to have stable disease. This patient subse-
quently progressed with an intramedullary spinal cord
metastasis.
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Fig. 4A-D Posttreatment within-patient changes in granulocytes,
monocytes, and CD11b expression on granulocytes and monocytes
(A, B, C, and D, respectively). Each point indicates the difference
between the posttreatment measurement and the baseline (MFI
mean fluorescence intensity). Means at each time are connected and
error bars are drawn to depict two standard errors. The plots show
the inverse relationship between counts of granulocytes and
monocytes and contemporaneous surface marker expression of
the adhesion molecule CD11b

Toxicity

Toxicities encountered in this trial were primarily con-
stitutional and hematologic (Table 6). Hypotension was
prominent, but readily treated by rapid i.v. fluid boluses
of crystalloid solution. No patient required pressors.
Because IL-1 became unavailable, only one patient was
treated with the maximum dose of 0.3 pg/kg, which was
the maximum tolerated dose in other trials of IL-1 given
by daily dosing for up to 7 days.

Dose effects

In this small data set, there was no significant effect of
IL-1 dose on grade 3-4 toxicity (Cochran Armitage trend
test), change in tumor blood flow at 2 h by PET (both
Jonckheere’s test for trend P=0.8, and Kruskal Wallis
test for equality P=0.94) or grade of hypotension
(Jonckheere’s two-tailed exact test P=0.41 and exact chi
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squared two-tailed P=0.48). Usable tumor blood flow

measurements came from patients on the 0.03, 0.06 and

0.1 pg/kg dose levels.

Discussion

We showed that IL-1 decreased blood flow in metastatic
lung tumor nodules in patients with cancer. This de-
crease occurred within 2 h of IL-1 initiation and was
quickly, but partially, reversible. The volume of distri-
bution which reflects the volume of tissue perfused fol-
lowed the same pattern as tumor blood flow with
significant reductions at 2 h, then partial recovery. The
tumor blood volume was significantly increased by ap-
proximately 75% at 2—4 h. One possible explanation for
these findings would be a transient hemorrhagic ne-
crotic-like effect in tumor nodules reflected in both de-
creased tumor blood flow and volume of distribution
and increased blood volume (secondary to an element of
hemorrhage into the tumor). The time-course of de-
creased blood flow was similar to that observed during
IL-1-mediated hemorrhagic necrosis in animal tumor
models [5, 12]. There was no dose effect of IL-1 observed
on tumor blood flow; however, we believe the sample
size was too small to exclude such an effect.

Tumor blood flow dropped at 2 h after IL-1 initiation
by approximately 25% and volume of distribution
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Fig. 5 A Excess carboplatin AUC (mg/ml'-min) by IL-1 dose (ug/
kg). The excess carboplatin AUC is the difference between the
observed AUC and that predicted by the Calvert formula from the
patient’s creatinine clearance. The estimated regression slope is not
significantly different from zero (P=0.3851) suggesting that IL-1
dose could not explain any deviation between actual carboplatin
AUC and AUC predicted by the Calvert formula. B Percentage
decrease in the platelets at nadir following the first course of
400 mg/m? carboplatin vs dose of IL-1 (ug/kg) given 4 h before the
carboplatin. The estimated regression slope of —278 (P=0.0234)
suggests that IL-1 may mitigate thrombocytopenia

Table 6 Treatment-related toxicity (highest grade of toxicity per
patient where toxicities were rated either possibly or probably re-
lated to treatment)

Grade 3 Grade 4

Hematologic
Thrombocytopenia
Leukopenia
Anemia

Nausea

Vomiting

Weight loss

— N = O\ W

dropped by 9% at the same time, suggesting two pos-
sible effects of IL-1 on tumor vasculature. The decrease
in volume of distribution may indicate decreased tissue
perfusion secondary to disruption of the vasculature
as has been described during hemorrhagic necrosis.
Whereas the remaining blood flow reduction may reflect
reduced capillary blood flow or shutting down of cap-
illary beds in a manner which would not effect tissue
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perfusion. We speculate that this latter effect may prove
transient and might possibly be related to the release of
endogenous vasoconstrictive factors such as endothelin-
1 under the influence of IL-1 [26], or of other factors
such as endogenous angiostatin [53].

In clinical trials with IL-1, there have been a small
number of clinical responses [15]. Because clinical re-
sponse is determined by CT scanning or other anatom-
ically based radiologic techniques, it is possible that
subclinical reduction in tumor blood flow with hemor-
rhagic necrosis may have occurred following IL-1 ad-
ministration, but was not detectable. The mechanism of
this decrease in tumor blood flow is not known, but it is
noteworthy that the decrease in peripheral blood gran-
ulocytes and monocytes associated with IL-1 treatment
was most pronounced at 2 h, coincident with the time of
maximal decreased tumor blood flow. Both cell types
had increased expression of the adhesion protein CD11b
on their surface at this time. As we have previously
postulated [35, 36], the WBC kinetic patterns that have
been described with a related cytokine, TNF, indicate
that granulocytes and monocytes are leaving the pe-
ripheral circulation. Increased cell surface expression of
CDI11b suggests that these cells may be adhering to
vascular endothelium through this integrin, as has been
shown in vitro [24] and in vivo [8]. It is also possible that,
following IL-1 administration, granulocytes and mono-
cytes adhere to tumor vascular endothelium, thereby
reducing tumor blood flow and, under the influence of
IL-1, initiating a hemorrhagic necrotic response. How-
ever, there are scant data in animal models [16, 25] or
humans as to the mechanistic involvement of WBC in
the induction of hemorrhagic necrosis. In a study of
melanoma and sarcoma patients undergoing isolation
perfusion therapy with high-dose TNF, interferon
gamma and melphalan, a massive polymorphonuclear
cell infiltrate was noted in tumor biopsy specimens as
early as 2 to 3 h after completion of the TNF [43]. In
addition, responding tumors pathologically demonstrate
hemorrhagic necrosis following treatment [43].

PET scanning has been used in cancer patients mainly
for tumor glucose metabolism imaging. Other applica-
tions for PET scanning are also possible. These include
tumor receptor-binding assays, measurement of uptake
of labeled chemotherapeutic agents, amino acids and
amino acid analogs and measurement of rates of DNA
synthesis with labeled thymidine as well as measurement
of tumor blood flow and hypoxia [41, 57]. Tumor blood
flow can be measured using i.v. H,'°0 or inhaled C'°0,
[2, 29, 57]. Other tracers, such as 8 2Rb and ®*Cu, have
also been used in preliminary studies for tumor blood
flow imaging.

Tumor blood flow has been measured by PET in
patients with primary breast carcinoma [2, 60] and
glioma [44]. Wilson et al. [60] using a similar method
with '"O-labeled water found a mean tumor blood flow
of 0.29 ml/min per g in 20 primary breast cancers.
Our mean pre-IL-1 tumor blood flow result was sub-
stantially higher (1.82 ml/min per g), but this may reflect
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differences between tumor type (relatively avascular
breast carcinoma vs relatively hypervascular renal cell
carcinoma) or differences between primary and meta-
static cancers. The important measurements were the
relative changes noted from baseline. The absolute
blood flow measurements are subject to inaccuracy due
to partial volume effect or spill-over. Increased tumor
blood flow is not likely to reflect vascular input from the
pulmonary artery since cardiac time activity curves had
to rise before lung tumor time activity curves for the
data to be properly fitted.

Liver blood flow comprises both hepatic artery and
portal vein flow. Ziegler et al. [64] have recently evalu-
ated liver blood flow using '°O-labeled water and dy-
namic PET scanning compared to microsphere injection
in foxhounds, and suggest that data obtained using a
standard one-compartment blood flow model would be
a good approximation of liver blood flow. In order to
determine whether blood flow in normal tissues is af-
fected by IL-1, PET images of normal liver were ob-
tained in four patients. Normal liver blood flow was not
decreased in this small sample. The discordance with
tumor blood flow could be explained by a direct effect of
IL-1 on tumor vasculature or, conversely, an effect to
increase liver blood flow directly through a shunting
mechanism (as occurs in septic shock) or through in-
creased liver production of nitric oxide. In this study, we
are not suggesting that we measured absolute liver blood
flow, but rather relative liver blood flow compared to
pretreatment.

It has been suggested that tumor blood flow may be
modified for therapeutic gain [30, 38, 47]. PET scanning
has been used in one study to evaluate the effect of ra-
diosurgery on regional cerebral blood flow in patients
with meningiomas or metastases [59]. To our knowledge,
our study is one of the first in which the effect of a
systemically administered drug or cytokine on tumor
blood flow has been measured in vivo in cancer patients.
As there are agents (such as IL-1 [15, 55], TNF [34],
flavone acetic acid [14], CM101 [17], KB-R8498 [49],
antibodies targeting tumor vessels [42], and antiangio-
genic drugs [22]) that reportedly have effects on tumor
vasculature and tumor blood flow, this technique may
become a way to evaluate and quantify any such vas-
cular effect. In fact our study is a relatively old study
(patient accrual stopped in 1995), and more recently
several groups have published studies in which PET was
used to measure tumor blood flow and the effects of
novel therapies on it in cancer patients [1, 21, 48].

In prior clinical studies with IL-1, hypotension was
a dose-limiting toxicity [15]. In most of these studies,
IL-1 was given at a dose of up to 0.3 pg/kg by short
i.v. infusion daily for up to 7 days with dose-limiting
toxicity being hypotension [15]. In one study, pressor
support was required at IL-1 doses >0.3 pg/kg [S1].
Prominent effects of IL-1 on the peripheral leukocyte
populations have been reported as has a possible
platelet-sparing effect [15]. IL-1 was subsequently given
in combination with single agents such as 5-FU [13],

carboplatin [52, 56] or combined chemotherapy [4, 40,
61] in an attempt to demonstrate a marrow-protective
effect. Such an effect is suggested in a study by Smith et
al. [52] and, in addition, five patients, including a pa-
tient with renal cell carcinoma, had a partial clinical
response.

Our phase I trial delivered high doses of IL-1. While
hypotension was a significant finding in our study, it was
manageable with i.v. crystalloid solution only. No pa-
tient in our trial required pressors. The maximum tol-
erated dose of this combination was not reached. All
other toxicities in this trial were expected.

In this small series, we were unable to demonstrate a
consistent effect of IL-1 on either carboplatin AUC or
platelet nadir. Some in vivo interaction may occur be-
cause animal data have shown increased platinum con-
centrations in tumor after combined treatment with
carboplatin and IL-1 [10, 58].

We were able to demonstrate a measurable decrease
in tumor blood flow after systemic IL-1 as measured by
PET, which standard radiographic techniques based on
anatomy would be unable to detect. As noted above,
there are many new (and some old) anticancer agents
that target tumor vasculature. Current radiographic
techniques do not allow an assessment of the antivas-
cular effect of these agents. As our study demonstrated,
H'°0, PET scanning is a technique that could be used to
assess antivascular effects by measuring tumor blood
flow before and after treatment. It would then be pos-
sible to evaluate new antivascular agents for their anti-
vascular effect in cancer patients.
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