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ABSTRACT

The nmiility of murine splenic lymphocytes stimulated nonspecifically
by recombinant interleukin 2 (RII,-2) was studied in a three-dimensional
collagen-gel system. Nonadherent BALB/c splenic lymphocytes were
cultured in medium containing Cetus RIL-2 (700 to 1000 units/ml) or
excipient control. They were then allowed to locomote randomly for 16
to 18 h into slabs of type I rat tail collagen gel. The gels were digested
with collagenase, and total lymphocyte populations and motile subpopu
lations were collected and compared with respect to their lymphokine-
activated killer activity (measured as 4-h cytotoxicity against the natural
killer-resistant mammary adenocarcinoma line 410.4), their natural killer
activity (measured as 4-h cytotoxicity venus lymphoma YAC-1), and
their subset distribution (defined by immunofluorescence). Some of the
slabs were not digested but fixed for measurement of leading-front
distance. RIL-2-stÃ¬mulatedlymphocyte populations displayed greater
motility than unstimulated populations; the mean leading front distance
was 2.4 times greater, and the percentage of cells exhibiting motility was
approximately doubled. The most motile RIL-2-stimulated cells, how
ever, were not the most tumoricidal. Motile subpopulations displayed
approximately 25 to 60% lower lymphokine-activated killer activity than
did the total populations from which they were derived. Natural killer
activity followed a similar pattern. Motile subpopulations contained a
lower proportion of asialo-Gini* and T-null cells than did total populations
and a higher proportion of L3T4* cells. Chemokinetic stimulation with
cr-interferon increased overall motility, but the lymphokine-activated
killer activity of the motile subpopulation was still lower than that of the
total population. Lymphocyte motility is important in the infiltration of
tumors and other inflammatory lesions. The results indicate that the
most tumoricidal lymphocytes in RIL-2-stimulated populations may not
be the best tumor infiltrators, and that the tumoricidal activity of circu
lating lymphocytes may be a misleading indicator of the effectiveness of
immunotherapy.

INTRODUCTION

Lymphocyte populations nonspecifically stimulated in vitro
with high titers of RIL-23 acquire tumoricidal capabilities (1).

NK activity is usually present in these populations (2, 3), but
the most distinctive property is LAK activity: the ability to lyse
a variety of NK-resistant targets, including fresh, autologous
solid tumor cells, without previous sensitization (4). RIL-2-
stimulated lymphocytes have proven to be effective antitumor
effectors in a variety of animal immunotherapy models (5-8),
and clinical trials are in progress (9, 10).

In adoptive immunotherapy, lymphocytes infused into a tu
mor-bearing host must escape from trapping in irrelevant cap
illary beds, extravasate at appropriate points, and penetrate into
primary or metastatic tumor masses. Since these steps require
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random or directed movement (11-13), the efficiency of adop
tive immunotherapy must depend in part upon the motility of
the infused lymphocytes. It is therefore important to determine
how RIL-2 stimulation affects lymphocyte motility.

RIL-2-stimulated lymphocyte populations are heterogeneous
with respect to phenotype and tumoricidal activity (14-17).
This heterogeneity complicates the measurement of motility;
the collective motility of the total population may not accurately
reflect that of the tumoricidal subpopulation. In this study, we
measured the random motility of RIL-2-stimulated murine
splenocytes in a collagen-gel system that permits retrieval of
cells for analysis of phenotype and function. We found tumor
icidal capability and motility to be independently, and perhaps
inversely, regulated.

MATERIALS AND METHODS

Experimental Protocol. Fig. 1 summarizes the experimental protocol.
Briefly, nonadherent BALB/c splenocytes were freed of erythrocytes
and nonviable cells and cultured 72 to 80 h in the presence or absence
of RIL-2. Viable cells were then purified and allowed to locomote
randomly for 16 to 18 h in a three-dimensional collagen-gel motility
assay in the presence or absence of 20 units/ml of RIL-2. In this system,
the lymphocytes locomoted into hydrated gels of type I collagen. In
some assay wells, the gels were fixed, and the distance traveled by the
leading cell front was measured. In other wells, the gels were removed
and enzymatically dissociated to yield either total populations (all
lymphocytes in the system) or motile subpopulations (lymphocytes
which had locomoted into the gel). After removal of nonviable cells,
the total populations and motile subpopulations were compared with
respect to tumoricidal activity and subset distribution. All techniques
are described in detail below.

Lymphokines. RIL-2 was a gift of Cetus, Emeryville, CA. rIFN-aA/
D was donated by Hoffman-LaRoche, Nutley, NJ. This preparation
has been shown to exert inuminosi imulaiorv effects on murine lympho
cytes (18).

Lymphocyte Culture. Murine splenic lymphocytes were stimulated
with RIL-2 by a procedure modified from that of Lafreniere and
Rosenberg (19). Female BALB/c mice 2 to 5 mo of age were sacrificed
by cervical dislocation, and their spleens were removed aseptically and
pressed through sterile stainless-steel mesh into dishes of PBS-CS.
Debris was removed by sedimentation, and the resulting cell suspension
was depleted of erythrocytes and nonviable cells by centrifugation at
400 x g over 2-cm cushions of Ficoll-Hypaque (Histopaque 1077;
Sigma, St. Louis, MO). The cells were washed twice and incubated l h
at 37"C in disposable tissue culture dishes (Corning, Corning, NY).

Nonadherent cells were cultured at an initial density of 2.5 to 4.0 x
106/ml in what will be referred to as "complete DME" JDME contain
ing 10% FCS, 1 mM sodium pyruvate, 50 ^M 2-ME, modified Eagle's

nonessential amino acid mixture, 2 mM L-glutamine, 100 Mg/ml of
streptomycin, 100 units/ml of penicillin, and 0.5% Fungizone [all
components purchased from Grand Island Biological Corporation,
Grand Island, NY, except 2-ME (Kodak, Rochester, NY) and FCS (KC
Biological, Lenexa, KY)]|. The cultures also received either 700 to 1000
units/ml of RIL-2 or Cetus excipient control. Culture was at 37'C,
10% CO:, in supine 75-cm2 tissue culture flasks (Corning), with each

flask containing 30 to 60 ml of lymphocyte suspension. At the end of
the culture period (72 to 80 h), viability was approximately 40% in the
RIL-2-stimulated cultures and 10% in the control cultures.

Lymphocyte Motility Assay. This assay has been described in detail
(20). In the following brief description, capital letters refer to elements
of Fig. 1. The assay was performed in tissue culture wells 25 mm in
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(CollagenaseIII â€¢DNAse).
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Base-overlay
combinations minced.
Gel digested.~| Lymphocytes recovered.

Fig. 1. Schematic of experimental protocol. Key to collagen-based motility assay: I. tissue culture well, 25-mm diameter, B, base layer of type I rat tail collagen
gel; C, monolayer of lymphocytes (S to 7.5 x id" cells) covered with a thin coating of gel; D, collagen-gel overlay, prepolymerized in an 18-mm tissue culture well,
then lowered onto lymphocyte monolayer; /;'. sealing layer of collagen gel which binds components together after saturation with medium.

diameter (A). Cultured lymphocytes were depleted of nonviable cells by
centrifugation over cushions of Ficoll-Hypaque and washed 3 times. A
monolayer of these lymphocytesâ€”the starting disc (C)â€”was applied
to a base (B) of type I rat tail collagen gel and held in place with a thin
coating of collagen gel. Each starting disc contained either S.O or 7.5
x 10 lymphocytes and was approximately 10 mm in diameter. A
collagen-gel slabâ€”the overlay (D)â€”was placed atop the starting disc
and sealed down with a collagen-gel coating (/;'). Overlays were precast

in wells 18 mm in diameter and were approximately 3 mm thick. The
wells were filled with complete DME with or without 20 units/ml of
RIL-2. During a locomotion period of 16 to 18 h at 37Â°C,10% CO2,

lymphocytes moved up into the overlay, down into the base, and
laterally. Lymphocyte locomotion in this gel system is an active process
which is abolished almost completely at 4Â°Cor in the presence of 0.1%

sodium azide (21). At the end of the locomotion period, the overlays
were lifted from the bases with fine curved forceps. The wells were
divided into three groups, with 6 to 18 wells per group.

From one group of wells, the motile subpopulation was extracted.
Overlays were pooled, minced, and incubated 30 min in a 37Â°Cwater

bath in an enzyme cocktail composed of 0.07% collagenase type III
(Cooper Biomedicai, Malvern, PA) and 0.01% DNase (Sigma) in PBS
containing 5% calf serum. The suspension was filtered through nylon
mesh (150 MmNytex; Tetko, Elmsford, NY), washed twice, suspended
in PBS for enumeration, and held on ice for further treatment. From
the second group of wells, the total population was extracted. Bases
and overlays were not separated but minced together, then treated with
enzyme cocktail as above. Recovery of cells from gel is usually 60 to
70% (excluding loss during washes), and the subset distributions of
lymphocyte populations are not altered (20). Total populations and
motile subpopulations were enumerated, and the percentage of viable
cells exhibiting motility was estimated according to the formula

% motile = 2L/T x 100

where L is the mean number of viable cells recovered per overlay. It is
multiplied by 2 to account for the approximately equal number of cells
which locomote down into the base. T is the mean number of viable
cells recovered per unseparated base-overlay combination. After enu
meration, total populations and motile subpopulations were freed of
nonviable cells by centrifugation over Ficoll-Hypaque, then assayed for
tumoricidal activity or immunofluorescence.

Overlays from the third group of wells were individually fixed in 1%
PF in serum-free PBS, then stored in PBS. Each overlay was examined
at x 200 on the mechanical stage of an inverted phase-contrast micro
scope (Biostar, American Optical, Buffalo, NY). Fields defined by a
reticule eyepiece were selected at random in the central portion of the
zone of locomoting cells. At each field, the distance between the bottom
of the overlay and the leading cell front was determined by a calibrated
fine-focus control. The leading cell front was defined as the first plane
at which 3 cells were simultaneously in focus. Measurements were made
at six fields in each overlay, with 5 or 6 replicate overlays per experi
mental condition. For the quantitation of chemotactic and chemoki-
netic effects, leading-front distance downward, into bases, was also
measured. In the absence of exogenous modifiers of motility, upward
and downward locomotion are approximately equal (20).

Tumor Cell Lines. The NIC-resistant (22) murine mammary adeno-
carcinoma cell line 410.4 was derived from a spontaneous metastasis
of a BALB/cfC3H mouse (23). It is routinely maintained in monolayer
culture in Waymouth's medium containing 10% PCS, 2 mM L-gluta-

mine, penicillin (100 units/ml), and streptomycin (100 Â¿tg/ml).The line
is regularly verified to be free ofMycoplasma and the following viruses:
pneumonia; reovirus type 3; Sendai; encephalomyelitis; K polyoma;
minute; murine adenovirus; murine hepatitis; lymphocytic choriomen-
ingitis; and ectromelia (Microbiological Associates, Bethesda, MD).
The Moloney virus-induced YAC-1 lymphoma of A/Sn origin (24) was
obtained from the American Type Culture Collection (Rockville, MD)
and maintained in RPMI 1640 medium supplemented with sodium
pyruvate (100 n\i) and FCS, L-glutamine, and antibiotics as above.

Assay of LAK Activity. LAK activity was measured as 4-h cytotox-
icity exerted against the NK-resistant syngeneic mammary tumor line
410.4 in a [3H]proline release assay (25). This assay was chosen over

the more commonly used chromium release assay, because the tumor
line exhibits very high spontaneous chromium release.4 Exponentially
growing cultures of line 410.4 were washed 6 times with proli no-free
DME (i.e., complete DME lacking Eagle's nonessential amino acid
mixture). Sterile L-[2,3,4,5-3H]proline (approximately 100

New England Nuclear, Boston, MA) was added at 5 to 10
After 24-h culture at 37'C, 10% CO2, the tumor cells were detached by

treatment with 0.25% trypsin-EDTA (Gibco), washed 3 times with
PBS-CS, and resuspended at 105/ml of complete DME. Aliquots of

4 Unpublished results.
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100 u\ were dispensed into 96-well round-bottomed culture plates
(Corning) which were centrifuged at 200 x g for 8 min and incubated
overnight. Viable tumor cells attached firmly to the wells during this
period. Effector cells suspended in complete DME were dispensed, 100
^1 per well, to yield effectortarget ratios of 12.5:1 to 50:1. Control
wells received only medium. After another centrifugation, the plates
were incubated 4 h at 37'C, 10% CO2, then washed 3 times with PBS-

CS to remove nonviable cells and debris. The remaining viable cells
were solubili/ed with 100 M!of 0.3 N NaOH, and the solution was
transferred to glass scintillation vials. Dioxane-based scintillation cock
tail (RIA-Solv II; RPI Corp., Mt. Prospect, IL) was added, and 3H

content was determined by scintillation counting (Packard Tricarb
4640; United Technologies, Downer's Grove, IL). The percentage of

cytotoxicity was calculated as follows.

I - mean cpm retained/test well
mean cpm retained/medium-control well x 100

Four or six replicate wells were prepared for each condition.
Assay of NK Activity. Exponentially growing YAC-1 target cells were

washed and suspended at 107/ml of serum-free RPMI 1640 culture
medium (pH 7.0) containing 100 /iCi/ml of 5lCr (as sodium enrÃ³mate,
200 to 900 Ci/g; New England Nuclear). After 90-min incubation at
37'C, 5% CO2, the cells were washed 3 times in PBS-CS, allowed to

incubate an additional 30 min, washed twice more, and resuspended at
2 x 105/ml of complete RPMI 1640. The cells were dispensed into
round-bottomed, 96-well plates, 100 ^1 per well. Test wells received an
additional 100 ><!of medium containing effectors at E:T ratios of 12.5:1
to 50:1 ; control wells received only medium. The plates were centrifuged
5 min at 150 x g and incubated 4 h at 37*C, 5% CO2. After 8-min

centrifugation at 300 x g, 100 n\ of supernatant were harvested from
each well with a Gilson precision micropipet (Rainin Instrument Co.,
Woburn, MA) without disturbing the pellet. One set of control wells
was used to determine spontaneous release of label; another set was
digested with 0.1 N NaOH to determine the total amount of label
incorporated per well. All samples were placed in 12- x 75-mm plastic
snap-cap tubes, and the amount of s'Cr in each was determined by
direct ~, counting (Packard Autogamma 5650). Four replicate wells

were prepared for each condition. The percentage of cytotoxicity was
calculated as

(Mean cpm released/test well)
â€”(mean cpm spontaneously released/control well)

(Mean total cpm incorporated/control well)
â€”(mean cpm spontaneously released/control well)

x 100

Immunofluorescence Analysis of Lymphocyte Subsets. Lymphocytes
were incubated 45 min on ice in phenol red free PBS-CS containing
one of the following primary antibodies: purified monoclonal rat ami
Thy 1.2 (Becton-Dickinson, Sunnyvale, CA); monoclonal rat anti-L3T4
(purified by ammonium sulfate precipitation from supernatant of hy-
bridoma GK 1.5, gift of Dr. F. Fitch, University of Chicago); mono
clonal rat anti-Lyt-2 (purified from supernatant of hybridoma 53-6.72,
from American Type Culture Collection); or polyclonal rabbit anti-
asGM 1 (Wako Chemicals, Dallas, TX). Normal rat IgG and rabbit IgG
controls (Jackson Immunoresearch, Avondale, PA) were also run. After
3 washes in PBS-CS, the cells were incubated 30 min on ice in either
FITC-conjugated mouse anti-rat immunoglobulin [Rub'h fraction] or
FITC-conjugated goat anti-rabbit immunoglobulin [F(ab')2 fraction]

(both from Jackson Immunoresearch). After a wash in PBS-CS and 2
washes in serum-free PBS, the cells were fixed 20 min in freshly
prepared 1% PF, resuspended in PBS-CS, and stored overnight at 4'C.

All solutions contained 0.1% sodium azide. Cells were analyzed for
FITC fluorescence on a FACS 440 flow cytometer (Becton Dickinson)
with a Consort 40 data analysis system. Excitation was at 488 nm, and
emission was collected at 510 to 550 nm.

RESULTS

Lymphocyte Motility Increased by RIL-2 Stimulation. Murine
splenic lymphocyte populations cultured in the presence or

absence of RIL-2 were freed of dead cells, thoroughly washed,
and allowed to loco mote through collagen gel for 16 to 18 h in
the absence of exogenous IL-2. The leading cell front of RIL-
2-stimulated populations moved more than twice as far as that
of unstimulated control populations (P < 0.05, Student's t test)

(Fig. 2). This difference in motility cannot be attributed to a
difference in viability. After liberation from the collagen gel,
the viability of stimulated and unstimulated populations did
not differ significantly, averaging approximately 60% (not
shown). RIL-2 stimulation also doubled the percentage of cells
exhibiting motility, relative to unstimulated-control values (Fig.
2). The presence of exogenous RIL-2 during the assay (20
units/ml) did not significantly alter these results (Fig. 2).

Motile Subpopulations Less Tumoricidal Than Total Popula
tions. LAK activity, measured as 4-h cytotoxicity against tumor
line 410.4, varied widely among batches of RIL-2-stimulated
lymphocytes. At E:T = 25:1, for example, cytotoxicity of the
total population ranged from 24.1 to 92.7%. This broad range
is probably attributable to the variety of RIL-2 concentrations
and initial cell densities tested in a search for optimal culture
conditions. Despite the range of LAK activities, a consistent
pattern was observed: motile subpopulations always exhibited
lower LAK activity than the total populations from which they
were derived (Fig. 3). At E:T = 12.5:1, the mean LAK activity
of motile subpopulations was approximately 28% lower than
that of total populations; at 25:1, the difference was 44%; at
50:1, 35%. These differences were significant at all E:T ratios
(paired Student's t test, P < 0.05). In unstimulated lymphocyte

populations, neither total population nor motile subpopulation
exhibited significant LAK activity (not shown).

In three experiments, sufficient lymphocytes were obtained
to permit assay not only of LAK activity but also of NK activity,
although only at a single E:T ratio (25:1) (Fig. 4). The mean
NK activity of motile subpopulations was approximately 65%
lower than that of the total populations from which they were
derived (P < 0.05, paired Student's t test).

In one experiment, sufficient cells were obtained to permit
assay of LAK activity at two time points: immediately after the
locomotion period and after a 24-h rest period (suspension
culture in the presence of RIL-2, 700 units/ml). At both time
points, the motile subpopulation exhibited less LAK activity
than did the total population (Table 1).

In type I collagen gel, cells locomote through a meshwork of
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RIL-2 Stim.
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Fig. 2. Motility (16 to 18 h) of control and RIL-2-stimulated lymphocytes.
Columns, mean leading front distances; bars, SD, determined from 3 independent
experiments. D, assay run in absence of RIL-2; D, assay run in presence of KII
2 (20 units/ml). Numbers in parentheses, mean percentages of viable lymphocytes
exhibiting motility, estimated by enumeration of collagenase-liberated total pop
ulations and motile subpopulations. Columns bearing different superscripts are
significantly different (P < 0.05, paired Student's t test).
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Fig. 3. LAK activity of RIL-2-stimulated lymphocytes, measured as 4-h cyto-

toxicity versus mammary adenocarcinoma line 410.4. T, total populations ob
tained after 16- to 18-h locomotion through collagen gel; M, corresponding motile
subpopulations. Points, mean of 6 independent experiments; han, SD. *, total
population values significantly greater than corresponding motile-subpopulation
values (P < 0.05, paired Student's <test).
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Fig. 4. NK activity of RIL-2-stimulated lymphocytes, measured as 4-h cyto-
toxicity versus YAC-1 lymphoma, E:T = 25. D, total populations; Ãœ,motile
subpopulations. Columns, mean determined from 3 independent experiments;
bars, SD.

Table 1 LAK activity of RIL-2-stimulated lymphocytes, assayed both
immediately after separation of total populations and motile subpopulations, and

after 24-h additional culture at 5 x JO6 cells/ml ofDME and 700 units/ml of
RIL-2

Time of as
say (h post

locomotion)Zero24

hE:T12.5255012.52550%

ofcytotoxicityTotal

popu
lation26.4

Â±2.6Â°27.2

Â±0.433.7
Â±2.127.8

Â±1.9
37.9 Â±6.962.7

Â±11.6Motile

sub-
population19.1

Â±1.117.5
Â±1.121.1
Â±1.02.3

Â±0.2
NTÂ»19.8

Â±1.3
Â°Mean Â±SD of 4 replicate wells.
* NT, not tested.

collagen fibers. This situation can potentially produce a sorting
of cells according to size. In the present experiments, only a
slight size-sorting effect was observed. The forward scatter
profiles of total populations and bulk populations were deter
mined by flow cytometry and found to be nearly indistinguish

able (Fig. 5). The mode of the forward scatter profile of motile
subpopulations was located only 3 to 5% to the left of that of
total populations, indicating a very slight bias towards smaller
cells.

Difference in Subset Distribution of Total Populations and
Motile Subpopulations. Subset distributions are displayed in
Table 2. The percentage of asGMl+ cells in total populations
was approximately twice as great as that in motile subpopula-
tions. Total populations and motile subpopulations did not
differ significantly with respect to the percentage of Thy-l+
cells (T-cells). Of the T-cells in total populations, however,
29.6% were "T-nuIl," bearing neither L3T4 nor Ly-2. Motile

subpopulations were poorer in these T-null cells, containing a
mean of only 11.4%. Motile subpopulations contained a signif
icantly higher percentage of L3T4+ cells than did total popu
lations. In summary, total populations were richer in asGMl+
and T-null cells and poorer in L3T4+ cells than motile subpop-

ulations. As dual immunofluorescence was not performed, per
centages of doubly positive cells are not available.

Interferon-stimulated Motility. The preceding experiments
involved spontaneous lymphocyte motility, i.e., motility in the
absence of exogenous chemotactic or chemokinetic factors. In
some experiments, exogenous RIL-2 was present, but did not
measurably modify motility (Fig. 1). Lymphocyte motility was
increased, however, by the continuous presence of rIFN-aA/D
(IO3 to IO4 units/ml) in the culture medium during the loco

motion periods. The stimulation appeared to be chemokinetic;
downward motility (into the bases, away from the culture me
dium) and upward motility were both increased by 30 to 35%
(Fig. 6). The relationship of LAK activity to rIFN-aA/D-
stimulated motility was much the same as that observed for
spontaneous motility; the motile subpopulation exhibited only
35 to 75% as much activity as the total population from which
it was derived (Fig. 7).

DISCUSSION

The regulation of lymphocytic traffic through tumors is
poorly understood. The endothelium of tumor vasculature may
have selective lymphocyte-binding properties. Soluble chemo
tactic factors, locomotion inhibitors, and substrate-bound adhe
sion gradients probably all coexist and interact in the tumor
microenvironment (26). We are currently developing a collagen-
gel-based system for the study of lymphocyte migration in and
out of masses of cultured tumor and tumor-infiltrating cells.
This system should aid in the identification of the most impor
tant tumor-derived modulators of lymphocyte motility. In the
absence of such information we have focused, in this initial
study, mainly on random motility, a fundamental lymphocyte
property. Both random and chemotactic motility have been
found to correlate with the ability of lymphocytes to extravasate

Fig. 5. Flow cytometric analysis of forward scatter (an indication of cellvolume) of total population (7") and motile subpopulation (M) obtained in a

representative experiment. Forward scatter is plotted in arbitrary linear units on
the X axis. The Y axis represents the frequency of cells in each scatter unit. The
plot is constructed from a 10,000-colI sample.
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Table 2 Subset distribution of total populations and motile subpopulations
Note: >90% of RIL-2-stimulated lymphocytes expressed detectible surface asGMl; cells considered "asGMl*" in this table were those included in a distinct

fluorescence peak occurring above the third log fluorescence decade.

Subset distribution

Total population

Motile subpopulationThy-l*(%)84.6

Â±10.6f

89.6 Â±6.6L3T4*

(%)"30.0

Â±1.5

47.0 Â±1.0*Ly-2*

(%)'39.2

Â±5.9

41.6 Â±2.3T-null

(%)"29.6

Â±7.6

11.4 Â±2.7*asGMl*

(%)28.0

Â±5.2

14.6 Â±2.3'

* Expressed as percentage of Thy-1* cells.
*Thy-1* cells exhibiting neither L3T4 nor Ly-2; calculated for each experiment as 100 - I
' Mean Â±SD of 3 experiments.
J Significantly different from total population, /' < 0.05.
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Fig. 6. Chemokinetic effect of interferon (rIFN-aA/D) on RIL-2-stimulated
lymphocytes. Locomotion was for 18 h in the absence of exogenous RIL-2.
Leading-front distances were measured upward (into the overlays) and downward
(into the bases). Columns, mean of 6 replicate assays in a single experiment; bars,
SD.
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Fig. 7. I Ak activity of RIL-2-stimulated lymphocytes, measured as 4-h cyto-
toxicity verviÂ«mammary adenocarcinoma line 410.4. '/', total population obtained
after 18-h locomotion through collagen-gel in the presence of rIFN-aA/D, 10*

units/ml; M, corresponding motile subpopulation. Points, mean of 4 replicate
assays in a single experiment; bars, SD.

into tumors and other inflammatory lesions (11-13).
We found that the overall random motility of murine splenic

lymphocyte populations was increased significantly by 72 to 80
h of nonspecific stimulation by RIL-2. The distance traveled by
the leading cell front in 16 to 18 h was more than doubled over
control values. Proliferation of the RIL-2-stimulated lympho
cytes may have contributed slightly to this result; at the end of
the locomotion period, the stimulated populations usually con
tained approximately 10% more viable cells than did unstimu-
lated populations (results not shown). The leading-front-dis
tance method of motility measurement, however, is relatively
insensitive to the size of the population tested. Leading-front
distance varies approximately as the square root of population
size (27), so a 10% increase in population would have contrib

uted no more than 4% to the observed 240% increase in leading-
front distance. Furthermore, a measure which is completely
insensitive to population sizeâ€”the percentage of viable cells
exhibiting motilityâ€”was approximately doubled by RIL-2
stimulation.

Overall motility was assayed in both the absence of exogenous
interleukin 2 and the presence of 20 units of RIL-2 per ml.
This is a concentration which is achievable in serum after i.v.
RIL-2 infusion (28). It was not surprising that the presence of
this concentration of RIL-2 had no chemokinetic effect upon
unstimulated lymphocytes, as these cells generally lack IL-2
receptors (29). The lack of chemokinetic effect upon RIL-2-
stimulated lymphocytes was unexpected and may indicate that
the motility of these lymphocytes is already maximally stimu
lated by endogenously produced lymphokines.

The observation that overall lymphocyte motility is increased
by RIL-2 stimulation is not a novel one. A variety of activation
protocols are known to increase both the random motility and
chemotactic response of lymphocytes (20, 30-35). Few at
tempts have been made, however, to compare the relative mo-
tilities of phenotypically and functionally diverse subsets which
comprise heterogeneous lymphocyte populations. Such com
parisons are easily made in the collagen-gel system, in which
total populations and motile subpopulations can be liberated
from the locomotion matrix.

Through the use of the collagen-gel system, we found that
motile subpopulations of RIL-2-stimulated lymphocytes were
significantly poorer in LAK and NK activity than were total
populations. The most likely explanation for this difference is
that tumoricidal cells were less motile than nontumoricidal
cells. It is not likely that the depletion of tumoricidal activity
from motile subpopulations reflected transitory phenomena
such as the exhaustion of metabolic energy during locomotion
or the cell-cycle position of the motile cells. Even after a 24-h
postlocomotion rest period, the depletion was still evident.
Furthermore, total populations and motile subpopulations dif
fered significantly in their content of stable, serologically de
fined phenotypes. The most notable difference was in the
asGMl* subset, which has been associated with both NK and,

in some cases, LAK activity (14-17, 36). The relatively low
asGM 1' content of the motile subpopulation might thus ac

count for its relatively low tumoricidal activity. The significance
of other differences between total populations and motile sub-
populations is less clear. The motile subpopulation was rela
tively enriched in L3T4* cells. These cells have not been impli

cated as effectors of LAK or NK activity, and they may have
acted as bystanders, passively diluting the cytotoxic activity of
the motile subpopulation or perhaps even competing with cy
totoxic cells for IL-2. The role of the "T-null" subset, which

was relatively depleted from the motile subpopulation, is also
unclear. These cells have previously been reported in RIL-2-
stimulated lymphocyte populations, but no definite function
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has yet been assigned to them (14). Long-term cultures and

more extensive characterization of total populations and motile
subpopulations are planned.

The physiological basis for the relatively low motility of the
most tumoricidal cells is another subject for further study.
Possible determining factors include adhesiveness, membrane
fluidity, metabolism, cytoskeletal organization, enzyme secre
tion, and chemotactic or haptotactic response to degraded
matrix products (26,35,37). It is not likely that the tumoricidal
cells locomoted poorly simply because they were larger. The
forward scatter profiles of total populations and motile subpop-
ulations were nearly identical. The small effect of cell size upon
motility in collagen gel can probably be attributed to the nature
of this matrix. Locomoting cells do not encounter rigid chan
nels, as in a controlled-pore niter, but rather a deformable,
degradable latticework of collagen fibers.

Tumoricidal lymphocytes proved relatively low not only in
spontaneous motility but also in chemokinetic response to
rIFN-aA/D (Fig. 7). It will be important to examine their
locomotory responses to other lymphokines and to tumor-
derived factors. The design of the collagen-gel system should

permit the detection of chemotactic effects. Motility up and
down a chemotactic gradient can be measured simultaneously.
In practice though, chemotaxis has not yet been observed in the
collagen-gel system. This is likely attributable to the short life
of concentration gradients in the gel, which is hydrated and
extremely permeable. When the high-molecular-weight dye try-
pan blue is added to the medium, it diffuses evenly throughout
the base and overlay slabs within an hour.5 This problem may

be overcome by gradual release of factors from inert polymers
or from viable tumor-cell cultures placed above the overlays.

The finding that tumoricidal activity and motility are inde
pendently and perhaps inversely regulated is surprising, but not
without precedent. Hoffman et al. (31) found that allosensitized
murine lymphocytes which locomote completely through nitro
cellulose membranes are poorer in cytotoxic activity than the
total population, with the fastest-moving cells expressing the
least cytotoxicity. It will be interesting to test a variety of
cytotoxic T-lymphocytes, tumor-infiltrating lymphocytes, and
activated NK cells in the collagen-gel system in order to deter
mine whether an inverse relationship between cytotoxicity and
lymphocyte motility can be taken as a general principle.

The in vivo localization patterns of RIL-2-stimulated lym
phocyte populations of known motility and tumoricidal capa
bility are currently under examination. In one set of experi
ments, total populations and motile subpopulations of RIL-2-
stimulated lymphocytes were labeled with '"In and injected i.v.

into mice bearing s.c. 410.4 tumors. After 18 h, motile subpop-
ulations exhibited tumor localization indices 1.5 to 2 times
higher than those of the total populations from which they were
derived.6 In light of the present finding that motile subpopula-

tions are poor in tumoricidal activity, it would appear that
adoptive transfer is not a maximally efficient method of deliv
ering tumoricidal lymphocytes to tumor masses. This ineffi
ciency might be overcome by increasing the motility of lympho
cytes before adoptive transfer (methods are currently under
investigation), or by delivering chemotaxins to the tumor site.
Conversely, therapeutic strategies in which lymphocytes are
activated in situ might be especially efficient, since the most
tumoricidal cells would tend to remain at the tumor site.

5 Unpublished data.
* S. Ratner, W-Z. Wei, and G. H. Heppner, manuscript in preparation.
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