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Abstract

Optimal delivery of immunologically active cells to target tissue(s) is
important for improving adoptive immunotherapy of neoplastic diseases.
By using positron emission tomography, we have measured the systemic
distribution and tumor localization of locally injected, activated natural
killer (NK) cells or nonactivated lymphocytes in the FSall fibrosarcoma
grown s.c. in the tail of C3H mice. Murine NK cells were isolated and
expanded in the presence of interleukin 2 and collected at 5 to 7 days after
culture. These cells were then washed and labeled with ["Cjmethyl iodide,

a positron-emitting isotope. Ten million activated or nonactivated cells

were injected into the lateral tail vein distal to the tumor over a period of
2 min, and the accumulation of counts in the tumor was monitored during
the injection and at 30-60 min postinjection. There was no significant

difference in the rate of accumulation of activated NK cells (685 Â±264
(SE); n = 5) versus nonactivated splenic lymphocytes (595 Â±105; n = 5)

during the injection period. Whole body scans of the mice done at 30 min
to 1 h postinjection showed that the number of activated cells retained
within the tumor ranged from 4 to 30% (15.3 Â±4.9%; n = 5) of the injected

dose. Activated NK cells which were not retained by the tumor accumu
lated in the lungs, liver, and spleen. In contrast, from 3 to 4% (3.4 Â±0.2%;
n = 5) of nonactivated lymphocytes remained within the tumor by 1 h.

Nonactivated cells were distributed more homogeneously throughout the
systemic circulation than the activated cells, although these cells also
demonstrated increased retention in the lungs, liver, and spleen. The pre
sent study demonstrates that positron emission tomography may be used
to quantify the number of effector cells which accumulate within tumors
and to determine their biodistribution. The retention of labeled cells
within the tumor may also be used as a means of imaging the tumor.
Finally, the preferential accumulation of effector cells in the tumor vas-

culature following local injection has useful implications for adoptive
immunotherapy.

Introduction

We have recently shown that locally injected human NK2 cells

activated with interleukin-2 (IL2) accumulate preferentially in the

vasculature of a rabbit (VX2) tumor compared to nontumor tissue and
may contribute to the tumor response to adoptive immunotherapy (1).
Whether locally injected, syngeneic A-NK also accumulate in solid

tumors preferentially is not known. To this end, we have used PET to
image and quantify the accumulation of "C-labeled A-NK cells ver

sus nonactivated splenic lymphocytes in normal and tumor tissue
using a murine fibrosarcoma model FSall grown in the tail. Since PET
permits the absolute quantification of positron-emitting label within
an observed tissue, as well as provides a three-dimensional map of the
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high resolution-high sensitivity imaging device.

distribution of activity (2), it is possible to determine the percentage
of injected cells accumulating in the tumor, lungs, and other regions
and to simultaneously image the area where the accumulation of the
labeled cells occurs. In addition, since rapid sampling of counts within
a defined region can provide a dynamic picture of cell delivery and
localization within a tissue, we monitored the accumulation of cells
within the tumor during constant local infusion of cells (IO7 cells in 2

min). This allowed us to ensure that the long-term retention in the

tumor was not influenced by the injection procedure.

Materials and Methods

Cell Isolation and Culture

A-NK Cells. Murine A-NK cells were prepared following previously pub

lished procedures (3, 4). Briefly, mice were sacrificed by cervical dislocation
and their spleens were removed and placed in culture medium RPMI 1640
(Fisher Scientific, Pittsburgh, PA) with 10% fetal calf serum (GIBCO, Grand
Island, NY). Single cell suspensions were prepared by forcing the spleens
through a nylon mesh screen followed by lysis of the erythrocytcs in distilled
water. The resulting cells were resuspended in medium supplemented with 5 X
IO"5 M 2-mercaptoethanol (Sigma Chemical Co., St. Louis, MO) and IL2

(Cetus Corp., Emeryville, CA). The culturing and phenotyping of the resulting
NK cell population were performed as described previously (3).

Fresh Splenic Lymphocytes. Non-IL2-activated suspensions of lympho

cytes were obtained from freshly collected spleens. Mice were sacrificed and
their spleens removed and placed into culture medium as before. Single cell
suspensions were prepared by forcing the spleens through a nylon mesh
screen and washed once in complete medium. The resulting cell suspension
was placed onto a Ficoll-Hypaque gradient (Histopaque; Sigma) and centri-

fuged for 25 min at 1400 rpm. The mononuclear population was washed once
in culture medium and placed onto a nylon wool column for l h at 37Â°Cto

deplete the monocyte population. The cells were elutcd with three volumes of
warm medium and then washed once and examined. Giemsa-stained slides of

the cytofuged cells indicated about 98% small lymphocytes in the final cell
suspension.

Tumor Model

The syngeneic sarcoma FSall was grown in C3H mice based on the method
of Wiig and Gadeholt (5). The FSall cell line was maintained in culture with
minimal essential medium (Fisher Scientific) containing 10% fetal calf serum.
Cells were collected from culture upon confluence of the monolayer by tryp-

sinization, washed once in complete medium, and resuspended in medium
without serum to a concentration of approximately HP/ml. A volume of 10-20

lu was injected s.c. in the lateral aspect of the tail just above the lateral tail
vein. Within 3-6 weeks, this procedure resulted in roughly cylindrical tumors

which varied from 0.5 to 1 cm in width and 0.7 to 1.2 cm in length. The tail
tumor model was selected for this study since (a) the tumor is distant from the
internal organs, thus simplifying the interpretation of the results; and (b) it
provides convenient access to the tumor vasculature through the vessels of the
tail.

Synthesis of/"C/Methyl Iodide and Cell Labeling

The labeling technique most appropriate for this study was a methylation
procedure using ["C]methyl iodide. The "CO2 produced in the MGH cyclo-
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Iron (Scanditronix 1608; Scanditronix Inc., Uppsala, Sweden) was trapped in
0.4 ml of lithium aluminum hydride in tetrahydrofuran brought to dryness
under a stream of N2 gas by heating at 120Â°C.Then 0.8 ml of hydroiodic acid
was added to the reactor and heated to 120Â°Cfor 2.5 min. The ["CJmethyl

iodide which was produced by this method was then transferred as a gas using
N2 to the reaction vial. The ["C]methyl iodide was bubbled through 2 ml of
cell suspension in Hank's balanced salt solution (GIBCO), 1 X IO7 cells/ml, at

25Â°Ccontained in a 6-inch sealed tube equipped with gas inlet and vent

needles. Following the addition of the methyl iodide, the suspension of cells
was allowed to stand at 25Â°Cfor 5 min and then N2 was bubbled through the

cell suspension in order to remove the unreacted methyl iodide. Immediately
prior to use, the cells were washed twice with Hanks' balanced salt solution and

resuspended to a concentration of IO7 cells/0.2 ml. The typical yield of isotope
is approximately 50 mCi (total activity) prior to washing and 150-190 /Â¿Ci/107

cells (0.4% labeling efficiency). The radioactivity of the cell suspension was
measured immediately prior to injection, and residual material in the syringe
and line was measured at the completion of the injection. Viability of the cell
suspension and A-NK cell cytotoxic activity against YAC-1 target cells was not

influenced by the labeling procedure.

Cell Injection Procedure

Previous studies in the rabbit (1) and preliminary studies in mice indicated
that systemic administration of effector cells did not lead to detectable numbers
of cells in the tumor. Therefore, local injection of cells into the circulation of
the tumor was chosen as a mode of injection. Ten minutes prior to the injection
of the cell suspension, the tumor-bearing mice were given a mixture of ket-

amine (9 mg/100 g) and xylazine (0.9 mg/100 g) i.m. Following anesthesia, a
heparinized (100 lU/ml) 30-gauge cannula was placed into the lateral tail vein

on the same side as the tumor, approximately 1 cm distal to the tumor. The
mouse was placed within the detector ring of the PET camera with the tumor
positioned so that the longitudinal axis of the tumor was at the middle of the
imaging plane. This orientation permitted the simultaneous observation of
several regions of the tumor during the injection. Data sampling was done once
per 5 s. A 1-ml syringe containing IO7 cells was connected to the i.v. line and

mounted onto a syringe pump. The injection rate was set to approximately 0.1
ml/min. Following the injection of the cells (2 min), the clearance of the
injected material was monitored for an additional min. At the end of this
period, the animal was repositioned so that the axis of the camera passed
through the center of the mouse and the tumor (90Â°rotation), and a full body

scan was performed on the mouse. Sequential slices were collected over the
tumor area and through the mouse utilizing the moving imaging table with 5
mm increments. Following completion of the scanning procedure, an addi
tional i.v. injection (300 mg/kg sodium pentobarbital) was given to sacrifice the
mouse. The tumor dimensions were then measured for volume determinations.

Positron Imaging Device

Data collection was performed with a PCR-1 equipped with one detector
ring and a computer-controlled imaging table (6). The resolution of the PCR-I

for a point source at the center is 4.5 mm, and the sensitivity is 46,000 counts/s
for a source 20 cm in diameter with a concentration of 1 /xCi/cnv1. The overall

efficiency is 64% of the theoretical maximum for a plane thickness corre
sponding to 2-cm high detectors. A plane thickness of 5 mm used in this study

was obtained by the use of cylindrical collimatore which limit the effective
height of the detectors. The resolving time of the PCR-I was 6 ns. In situations

when the size of the imaging object was less than two times the resolution of
the imaging device, the measured data was corrected for recovery according to
experimentally determined correction curves (7).

Imaging Data Analysis

Imaging data were corrected for sensitivity (8) and attenuation using a
mathematical correction. For image reconstruction, a Hanning windowed
filtered convolution back-projection was used (9). Reconstruction of numerical

data for quantification was done by selection of the region of interest (e.g.,
tumor, liver/spleen, lungs, etc.), and by outlining that area in each plane of the
monitored area. Accumulation rates were determined by observing counts
within 3 windows in a representative longitudinal slice in the tumor. Counts

were corrected for decay, collection time, and recovery effect (7) using ex
perimentally determined values of recovery coefficient for each tumor.

Vascular Casting

Casts were made of normal and tumor vessels in the tails of mice not used
in imaging protocols with a modification of an established procedure (10).
Briefly, under deep anesthesia, the abdominal vena cava and aorta were can-

nulated, tourniquets were applied proximally on both legs, and the aorta was
perfused with heparinated saline (100 units/ml). Following flushing of blood
from the tail region of the mouse, the animal was sacrificed by pentobarbitol
overdose, and the premixed BalsÃ³n's #17 casting medium (Polysciences Inc.,
Warrington, PA) was injected (at 4Â°C)until it could be observed exiting the
venous line. The tissue was held at 4Â°Cfor 24 h and then placed into Batson's

macerating solution for 2 days at room temperature. Following digestion of the
tissue, the cast was rinsed in saline and then dried at room temperature prior
to photography.

Statistical Analysis

Experimental data were compared using the nonpaired T-test in order to

establish statistical significance between groups.

Results

Imaging and Quantification of Injected Cells. Mice bearing tu
mors which ranged in volume from 0.15 to 0.76 cm3 were used for

both imaging and biodistribution studies with the exception of two
mice with tumor volumes of 0.03 and 1.42 cm1, which were included

to examine the accumulation at the high and low ends of the range.
Representative images of scans from these animals (Fig. 1) indicate
that the principal regions of cell localization following the injection
of labeled A-NK cells (96% asialo GM1+, L3T4-) were the tumor
and the lungs. A tumor within the moderate size range (â€”0.45 cm1;

Fig. la) produced a strong image relative to the lung region in
30-60 min following the injection of the labeled cells. Similar im

ages could be obtained for tumors at both the low and high end of
the tumor volumes examined (Fig. 1, b and c). This indicates that tu
mors within a wide range of volumes will permit the localization of
injected A-NK cells, including tumors approximately 2 mm in diam

eter. The image of cell localization in a large tumor (Fig. \b) indi
cated that not all regions of the tumor retained the labeled cells
equally and that areas of relatively little localization could be ob
served adjacent to regions of intense localization. This effect could
not be observed in smaller tumors (Fig. la); however, the region of
localization was found to extend slightly beyond the main tumor
mass in the "upstream" direction. Nonactivated splenic lymphocytes

(Fig. Id) demonstrated a more diffuse distribution following injec
tion, with noticeably fewer cells in the tumor and lung areas and an
increased number of cells dispersed throughout muscle, skin, and
other organs. The relative distribution of the injected cells as a per
centage of the injected dose (IO7 cells) is shown in Table 1. The

mean number of localizing A-NK cells in tumors with a volume of
0.44 Â±0.11 (SE) cm3 was 1.53 Â±0.49 X IO6 (n = 5). In contrast,

nonactivated spleen cells had a significantly (P < 0.05) lower num
ber of localizing cells, 3.4 Â±0.2 X IO5 (n = 5), with a mean tumor
volume of 0.43 Â±0.12 cm3. The single greatest organ for localiza
tion in these mice was found to be the lungs with 2.35 Â±0.19 X IO6
A-NK cells or 2.1 Â±0.09 X IO6 nonactivated lymphocytes. The ex

tent of A-NK localization in these normal organs was comparable to
the number of cells localizing in tumors less than 0.5 cm1 volume

and could not be differentiated from the tumor tissue strictly on the
basis of cell retention. The number of A-NK cells in a tumor of 1.42
cm1 volume was 4.8 X IO6, while a much smaller tumor (0.03 cm3)
contained 6.3 X 10s cells. Normalization of these values to the tu-
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Fig. 1. Whole-body PET scans of mice wilh the FSall tail tumors at <1 h following a single injection of labeled A-NK cells or splenic lymphocytes. Mice receiving injections of
A-NK cells had tumors with a volume of (1.44cm-' (A). 1.4 cm-1(B). or 0.03 cm' (C). One mouse wilh a 0.45-cm' tumor is shown following an injection of nonactivated splenic
lymphocytes (D). The relative position of the tumor and animal is shown on the left',an image plane through the body and tumor as viewed from above is shown in the center; and
a representative cross section (axial view) of a high activity area (relative to its position along the animal or tumor) is shown on the right. The axial slice thickness is 5 mm. Regions
of high activity are designated white-gray with decreasing activity approaching black.

mor volume results in 2.1 X IO7 cells/cm3 in the small tumor and
3.4 to 3.5 X IO6 cells/cm3 for the 1.42 or 0.45 cm3 tumors.

Rates of Cell Accumulation. The accumulation of A-NK cells

within a central longitudinal tumor section during the cell injection
and for 1 min following the injection was monitored for all injections
of activated and nonactivated lymphocytes. However, data from only
five of seven injections of A-NK cells was included since two injec

tions had data only from single monitoring windows. The data nor
malized as the percentage of injected dose/100 cm3 and the mean Â±

SE for 3 different monitoring windows was determined for each time
point. These values were plotted as a function of time from 0 to 1.75
min for all tumors monitored (Fig. 2). The slopes of the resulting lines
provide information on the rate at which the cells arrive and accumu
late within a section of the tumor. The slope for A-NK cells ranged

from 147 to 1890, while that for the nonactivated lymphocytes ranged

Table 1 Systemic distribution of injected cells
Percentage of total injectedcells"1'"A-NK

cellsTissueTumorLungs

Liver+spleen

OtherMean

Â±SE15.328.3

15.341.9Â±4.9Â¿Â±
5.1

Â±1.6Â±3.5Median15.124.814.243.1Range4.0-30.318.4-^17.511.8-22.029.6-53.5Control

cellscMean

Â±SE3.421.6

17.057.9Â±0.2'Â±
0.9

Â±0.6Â±

1.6Median3.520.7

17.258.6Range2.5^.218.5-24.615.2-18.353.7-62.8

"Total cells injected, 1 X IO7in 0.2 ml.
h Measured at 30 min to I h postinjection.
1 Nonactivated lymphocytes from spleen.
d n = 5 tumors; mean (Â±SE) volume, 0.44 Â±0.11 cm-1;range, = 0.14 to 0.68 cm3.
'n = 5 tumors; mean (Â±SE) volume, 0.43 Â±0.12 cm'; range, = 0.17 to 0.76 cm'.

from 319 to 838. The mean slope (Â±SE) of the lines for the A-NK

cells (685 Â±264) was not significantly different from the slope for the
nonactivated lymphocytes (595 Â±105; P > 0.05).

Vascular Morphology. The vascular structure of a tumor is likely
to influence the characteristics of cell delivery to the tumor. Since
nothing is known about the structure and distribution of vessels of the
FSall tumor in the tail, a vascular cast was made to provide some
information on the degree of vascularity and distribution of vessels in
these tumors. Casts were made of the vasculature of single normal and
tumor-bearing tails from mice not used in the imaging procedures

(Fig. 3). The cast of the tumor vessels indicates a variety of structural
characteristics which have been previously observed in rat and human
tumors (10), including large tortuous veins (500-1000 /u.m) and ven-
ules (50-200 ^im) and networks of large tumor vessels (30-50 Â¿Â¿m)

with an irregular, lobular appearance. The networks of tumor vessels
did not extend throughout the tumor but were found principally in the
marginal regions of the tumor, leaving relatively large avascular re
gions within some of the more central areas of the tumor. In addition,
constriction of a lateral tail vein passing below the tumor suggested
that vascular compression may have occurred in some of the tumor
vessels (not shown).

Discussion

The goals of this study were to test the hypothesis that A-NK cells

preferentially accumulate in tumors when delivered to the tumor vas
culature and to demonstrate that this process may be monitored and
quantified by PET. Tumors as small as 2 mm in length could be
identified by PET imaging of the labeled A-NK cells at 30 to 60 min

5869

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/24/5867/2452837/cr0530245867.pdf by guest on 19 M

ay 2023



PET MONITORING OF CELL LOCALIZATION

3000

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1 75

TimÂ« (min)

3000

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75

Time (min)

Fig. 2. Rate of accumulation of A-NK M ) and nonactivated lymphocytes (B) in
longitudinal sections of FSall tumors during the linear phase of accumulation ( 1.75 min).
(/l)tumor 1 (0.14 cm')O: tumor 2 (0.45 cm'lQ, tumor 3 (0.47 cm1) Â»:tumor 4 (0.68
cm3) '; tumor 5 (1.4 cm1Â»: mean Â±SE of 5 tumors D. (fi Humor I (0.17 cm-'lÃ©:tumor
2 (O.j3 cm1) H; tumor 3 (0.42 cm') â€¢;tumor 4 (0.47 cm')O: tumor 5 (0.76 cm1) * ; mean

Â±SE of 5 tumors D Points, the mean of three sampling windows along the tumor
obtained at 5-s intervals. Tumor volumes are given in parentheses. The mean (Â± SE)
slopes for the A-NK cells and nonactivated lymphocytes are 685 Â±264 and 595 Â±105,

respectively (P>0.05).

after local injection. The accumulation of A-NK cells in the tumor was

greater than that observed with nonactivated lymphocytes. Images of
the tumors exhibited a sharp contrast relative to the surrounding
normal tissue within the tail, suggesting high selectivity for tumor in
the tail region. The preferential localization of syngeneic A-NK cells

within the FSall tumor is consistent with our earlier observations of
human A-NK localization within the VX2 tumor model in rabbits (1)
and suggests that the processes observed within a transparent two-
dimensional tumor preparation may occur in a three-dimensional

tumor.
While our previous study quantified the local microvascular inter

actions between effector cells and endothelium, our observations were
restricted to certain regions of the tumor microcirculation and did not
include the entire tumor or normal organs (e.g., lung) as in this study.
The systemic distribution of A-NK cells observed here is consistent

with other reports of cell distribution following systemic administra
tion (4, 11). A-NK cells which did not localize within the tumor
vasculature were retained primarily by the lungs and splenic micro-

circulation. Nonactivated lymphocytes were found to distribute
throughout the mouse with relatively large numbers in the lungs. The
low shear stress environment in the pulmonary capillaries may lead to
increased residence times for leukocytes at this site (12). Low num
bers of the nonactivated lymphocytes were also found to localize

within the tumor. This may reflect nonspecific entrapment within
low-flow regions of the tumor vasculature. The number of cells pre

sent within the tumor at any given time reflects the number of cells
which are attached to the tumor vessels or mechanically trapped, in
addition to the cells which are freely moving with blood. Since the
rates of accumulation of nonactivated lymphocytes and A-NK cells
were similar during the 2-min injection, the differences at 30-60

minutes may reflect differential adhesion or trapping. IL2 activation is
known to increase the rigidity of rodent and human NK cells (13, 14)
and thus may be partly responsible for the preferential mechanical
entrapment of A-NK cells in the tumor vasculature. Whether A-NK

cells adhere preferentially to the tumor vasculature as compared to
nonactivated lymphocytes is not known. Previous intravital studies
with human A-NK cells (1) suggest an increased interaction with

tumor endothelium. In addition, the vascular casting indicates that
even the relatively small tumor vessels in the FSall tumor are large
enough to accommodate the passage of the injected cells. On the other
hand, studies of leukocyte-endothelial interactions suggest that tumor

endothelium may be equally or less adhesive to leukocytes than nor
mal endothelium (15, 16). Further studies are needed to resolve this
issue.

Several methods have been previously used to study the systemic
distribution of adoptively transferred cells, but each of these tech
niques has some limitations. Early trafficking studies involved label
ing cells with sodium chromate (5lCr) prior to systemic injection (II)

and more recently with indium-Ill (17). While this approach has been

helpful, cells labeled in this manner require the use of gamma cameras
which have limited spatial resolution and three-dimensional capabili

ties. This is especially limiting in small experimental animals. Alter
natively, the tissues of various organs may be removed for ex vivo

Fig. 3. Vascular casts of vessels in a normal tail (A ) and a tail with FSall (fi). Bars. 1
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quantification (11); however, this restricts measurements to single
time points in animals and would be of limited use in human subjects.
Nonradioactive techniques involving the use of various fluorescent
dyes or genetic markers are also limited to single time points since the
tissues must be removed for quantification (4, 18) unless transparent
tissue preparations are used (1). PET provides the advantages of high
sensitivity, three-dimensional resolution and absolute quantification in

a noninvasive setting, which is potentially applicable to clinical stud
ies of cell delivery and localization. While not employed in this study,
long-term kinetics of cell delivery and clearance may be followed in
the same manner as the short-term kinetics observed in these experi

ments to provide insight into the mechanism of effector cell retention
and passage of nonactivated cells through the tumor.

The cell administration technique used in this study, i.e., injection
of cells through the venous side of the tumor vasculature, leads to a
temporary reversal of the existing flow pattern in the tumor. This,
however, may not be unusual in tumor vascular networks since flow
reversals are often observed in tumors (19). Furthermore, it has been
demonstrated that the adhesive characteristics of the endothelium are
more critical in regulating leukocyte-endothelial interactions than the

changes in the hydrodynamic environment resulting from retrograde
blood flow (20). Thus, the temporary retrograde blood flow which
exists during the injection of cells into the tumor may not significantly
influence the extent of cell binding in the chaotic vasculature of the
tumor. However, the vessel structure seen in the vascular casts sug
gests that compression of some large tumor vessels could result in the
retrograde delivery of cells to some regions of the tumor and not to
other sites. This could help to explain the nonhomogeneous localiza
tion observed in the Fig. lÃ².It is important to note that the mean rate
of cell delivery and localization of A-NK cells versus nonactivated

lymphocytes is similar over the first 2 min of injection, suggesting that
differences in the later (â€”30-60 min) accumulation of the two lym

phocyte populations cannot be attributed to differences in the initial
delivery.

In summary, we have demonstrated here that PET is a useful tool
for determination of biodistribution and delivery rates. It has a high
degree of sensitivity which can be used to detect cell accumulation
within even very small tumors. Finally, in the long-term, PET may be

useful clinically to individualize adoptive cell therapy in patients.
Further studies with this technique are likely to yield helpful infor
mation for improving therapy and for understanding the basic mecha
nisms of lymphocyte delivery.
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