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Abstract
Purpose Pro-interleukin-16 (pro-IL-16) is the precursor
to mature interleukin-16 (IL-16) protein. Previous studies
have demonstrated that pro-IL-16 can function as a regula-
tor of cell cycle. A number of human T-cell leukemia and
lymphoma cell lines are pro-IL-16 deWcient. Intracellular
expression of pro-IL-16 causes these cell lines to become
quiescent, implicating loss of pro-IL-16 as a contributory
step in T-cell malignancy. Therefore, we tested whether or
not reintroduction of pro-IL-16 into solid tumors in mice
could halt tumor growth.
Methods MOLT-4 lymphoblastic leukemia cells were sta-
bly transfected with a dsRed-tomato virus and were
injected subcutaneously into NOD/SCID/� chain-knockout
mice. Tumor growth was monitored with an in vivo imag-
ing system. A pro-IL-16-GFP fusion virus or control GFP
only virus was injected into the tumors, and mice were
monitored for 1 week.
Results Injection of the pro-IL-16-containing lentivirus
inhibited growth of established MOLT-4 tumors in mice.
Tumor explants exhibited diminished proliferative capacity.
Conclusions Our data support the concept that restoration
of pro-IL-16 expression in malignant T cells may have ther-
apeutic value.
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Introduction

Pro-interleukin-16 is the precursor to the secreted T-cell
chemoattractant IL-16 (Cruikshank and Center 1982;
Cruikshank et al. 1994). This unique cytokine is comprised
of an N-terminal domain that contains a nuclear localiza-
tion sequence as well as two PDZ domains that facilitate
nuclear transport (Muhlhahn et al. 1998). The N-terminal
domain of IL-16 functions as a scaVold for HSC70, GABP-�
and HDAC binding (Zhang et al. 2008). Following cell
activation, pro-IL-16 is cleaved by caspase 3 and secreted
by an undetermined mechanism (Cruikshank et al. 2000).
The processed and secreted C terminus form of IL-16 func-
tions as a ligand for CD4 in the induction of T-cell chem-
oattraction (Center and Cruikshank 1982; Cruikshank et al.
1987, 1994; Lynch et al. 2003).

Intracellular pro-IL-16 is expressed at high levels in nor-
mal resting T cells and has been shown to participate in the
regulation of cell cycle control. Pro-IL-16 facilitates GABP�
binding to the Skp2 core promoter, which permits HDAC-3-
mediated suppression of Skp2 gene transcription (Zhang
et al. 2008). Skp2 is a key component of the SCFSkp2 ubiq-
uitin E3 ligase complex, which regulates degradation of the
cyclin-dependent protein kinase inhibitor p27Kip1 (Carrano
et al. 1999; Tsvetkov et al. 1999). Nuclear presence of pro-
IL-16 prevents Skp2 translation, allowing for elevated
expression levels of p27Kip1 and subsequently T-cell quies-
cence (Carrano et al. 1999). Loss of nuclear pro-IL-16 there-
fore prevents HDAC-3 association with the Skp2 promoter,
resulting in elevated Skp2 levels, lower p27Kip1 levels and
cell cycle progression (Center et al. 2004).

Whole-body animal imaging was acquired using equipment 
maintained by the Boston University Medical Campus Animal 
Imaging Core Facilities. All Xow cytometric data were acquired using 
equipment maintained by the Boston University Medical Campus 
Flow Cytometry Core Facilities.
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We have demonstrated that primary lymphomas from
Sézary Syndrome patients exhibit loss of nuclear pro-IL-
16 that correlates with increasing stage of disease (Rich-
mond et al. 2011). In addition, we have reported that
many human T-cell leukemia and lymphoma lines lack
the IL-16 gene; however, their in vitro growth is arrested
when transfected to express pro-IL-16 (Center et al.
2004). We therefore investigated whether introducing
pro-IL-16 into established T-cell tumors in vivo could
aVect tumor growth.

MOLT-4 cells are a human acute T-lymphoblastic leuke-
mia line that forms solid tumors in mice (Ohsugi et al.
1980; Watanabe et al. 1980). We used this cell line to
induce tumors in NOD/SCID/� chain-knockout mice. Once
tumors were established, we injected a lentivirus containing
the pro-IL-16 construct. Here, we present data indicating
that introduction of pro-IL-16 in vivo inhibited tumor
growth. Our data support the concept that introduction of
pro-IL-16 could represent a novel therapeutic modality for
T-cell malignancies.

Materials and methods

Cells

MOLT4 human T-cell lymphoma cell line was obtained
from American Type Culture Collection (Rockville, Mary-
land) and maintained in RPMI 1640 medium (Invitrogen,
Rockville, Maryland) supplemented with 10% FBS
(Atlanta Biologicals, Atlanta, Georgia), 2 mM L-glutamine
(MP Biomedicals, Solon, Ohio), 25 mM HEPES and
100 U/mL penicillin/streptomycin (Invitrogen, Rockville,
Maryland).

Construction of lentiviral vectors, production 
of retroviruses and infection of MOLT-4 cells

The N-terminal full-length human pro-IL-16-GFP fusion
cDNA, GFP only cDNA and a control cDNA (vehicle) were
cloned into a replication-incompetent lentivirus backbone
with a CMV promoter and woodchuck hepatitis virus post-

Fig. 1 Injection of IL-16 lentivirus prevents MOLT4 tumor growth in
SCID mice. SCID mice were injected with 1 £ 106 MOLT-4 cells
expressing dsRed-tomato, and tumors were monitored with an in vivo
imaging system. Tumors were injected with vehicle (5 mg/mL
polybrene) or pro-IL-16-containing retrovirus on days 1, 3 and 7, and
mice were killed on day 9. QuantiWcation of tumor size based on fold

eYciency of initial tumors is shown in the lower right panel. Tumors
that received 5 £ 108 titer pro-IL-16 virus did not grow, whereas treat-
ment with 1 £ 108 titer virus appeared to be less eVective for inhibiting
tumor growth. n = 2 mice per group from 3 separate experiments,
representative images shown
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transcriptional regulatory element (WPRE; pHAGE, gener-
ously provided by D. Kotton and G. Mostoslavsky, Boston
University). Constructs were packaged in 293T cells using
TransIT (Mirus Bio) as per the manufacturer’s protocol.
Supernatants were harvested and concentrated by ultracentri-
fugation. Functional titer was quantiWed in FG293 cells.

A lentiviral vector containing dsRed-tomato under the
EF1� promoter was generously provided by G. Mosto-
slavsky (Boston University) at an approximate titer of
1 £ 109. MOLT-4 cells were infected using 5 �g/mL
Polybrene (Sigma Aldrich, St. Louis, Missouri) diluted
in RPMI. The infection was stopped after 18 h, and live

Fig. 2 Injection of GFP lentivirus has no eVect on MOLT4 tumor
growth in SCID mice. SCID mice were injected with 1 £ 106 MOLT-
4 cells expressing dsRed-tomato, and tumors were monitored with an
in vivo imaging system. Tumors were injected with 5 £ 108 titer GFP

lentivirus as in Fig. 1. QuantiWcation of tumor size based on fold eY-
ciency of initial tumors is shown in the lower right panel. Tumors grew
at a rate comparable to that of untreated controls. n = 2 mice per group
from 2 separate experiments, representative images shown
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red cells were sorted and collected by Xow cytometry
(Dako MoFlo Cell Sorter, Glostrup, Denmark).

Mice

All animal experiments were carried out in compliance
with the Guide for the care and use of laboratory animal
resources (National Research Council, 1996) and approved
by the Boston University Institutional Animal Care and Use
Committee.

NOD/SCID/� chain-knockout mice were purchased from
The Jackson Laboratory, Bar Harbor, Maine. Animals were
housed in a barrier facility and were administered food and
water ad libitum.

Tumorigenesis in SCID mice

SCID mice aged 6–8 weeks were injected subcutaneously
on the dorsal region with 100 �L of media containing
1 £ 106 MOLT4 cells stably expressing dsRed-tomato.
Mice were monitored for tumor development using the Cal-
iper Life Sciences IVIS Spectrum and Living Image soft-
ware version 3.2 (Hopkinton, Massachusetts). After
2 weeks, tumors were of suYcient size for accurate detec-
tion. The tumors were then injected with 50 �L vehicle
alone (5 mg/mL polybrene), 5 £ 108 or 1 £ 108 titer pro-
IL-16-containing lentivirus, or 5 £ 108 GFP control lentivi-
rus (described above) on days 1, 3 and 7. Tumor size was
quantiWed on days 0, 1, 3, 6 and 7 post-injection with the
Living Image 3.2 software, and mice were killed on day 9.
The IVIS images are representative of two separate experi-
ments for each virus tested. Tumors were removed, and iso-
lated cells were counted and then cultured in 96-well plates
in complete RPMI. Proliferation was determined by
[3H]TdR incorporation after 48 h and is expressed as fold
proliferative index (counts per minute per initial cell num-
ber plated) of control.

Statistical analysis

One-way ANOVA and Bonferroni’s post tests were per-
formed using Graph-Pad Prism software, version 5.0 for
Windows. Data are presented as the mean § SEM.

Results and discussion

SCID mice were injected subcutaneously with MOLT-4 cells
expressing dsRed-tomato, and tumor formation was moni-
tored using an in vivo imaging System. Once tumors were
detectable by imaging, usually by day 10–14, lentivirus con-
taining the construct for pro-IL-16 was injected into the
tumors (Fig. 1). Injections were performed during imaging to

ensure optimal targeting, and mice received doses of virus on
days 1, 3 and 7. The mice were monitored for tumor growth
on days 1, 3, 6 and 7. As shown in Fig. 1, a dose of 5 £ 108

titer virus was able to inhibit tumor growth. A dose of
1 £ 108 titer virus appeared to have less of an eVect on inhib-
iting tumor growth (Fig. 1). We also tested a GFP only con-
trol lentivirus to determine the speciWcity of the eVect. We
found that the tumors treated with GFP lentivirus grew at a
rate similar to untreated control tumors (Fig. 2).

An initial quantiWcation of cell growth observed with the
IVIS was conducted using Xuorescence intensity (Figs. 1,
2, lower right panels). To further investigate the growth
potential of the malignant cells, the mice were euthanized
on day 9 and the tumors were excised. MOLT-4 cells were
isolated by cell sorting and cultured in 96-well culture
plates. Baseline proliferation was assessed by [3H]TdR
incorporation after 48 h. As shown in Fig. 3, MOLT4 cells
from mice treated with pro-IL-16-containing virus had a
lower proliferative index than the controls, whereas GFP-
treated MOLT4 cells had a comparable proliferative index
to controls (Fig. 3).

These data indicate that using lentivirus for introduction
of pro-IL-16 in vivo can inhibit growth of established

Fig. 3 Introduction of pro-IL-16 into T-cell lymphoblastic leukemia
cells reduces the rate of proliferation. Cells were dissociated from tu-
mors, plated on 96-well culture plates and subjected to [3H]TdR incor-
poration for 2 days. Proliferation was determined by scintillation
counting, and the data are expressed as fold proliferative index (counts
per minute per initial cell number plated) of control. Cells from tumors
that had been treated with IL-16 virus were signiWcantly less prolifer-
ative than GFP controls (n = 5 wells, **P < 0.01 one-way ANOVA
with Bonferroni’s post-tests). Cells from tumors that had been treated
with GFP virus proliferated at a rate comparable to that of controls
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tumors. This eVect is similar to our previous reports on the
growth eVect of pro-IL-16 following transfection in vitro.
Our data conWrm the importance of pro-IL-16 for the regu-
lation of the cell cycle in T lymphocytes and corroborate
previous studies demonstrating the loss of or reduction in
pro-IL-16 as a useful diagnostic and prognostic marker for
early-onset of T-cell lymphoma. Our data also support the
concept that introduction of pro-IL-16 may have therapeu-
tic value for T-cell malignancy. In conditions where T cells
are regionally contained, such as mycosis fungoides where
malignant T cells localize to the skin, this approach may
represent a particularly viable therapeutic alternative. How-
ever, future studies examining safety and eYcacy issues
including toxicity, targeting and transduction eYciency are
necessary before extending the Wndings to a clinical setting.
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