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Abstract

3,3′-Diindolylmethane (DIM), a major condensation product of indole-3-carbinol, exhibits chemopreventive properties in animal models
of cancer. Recent studies have shown that DIM stimulates interferon-gamma (IFN-γ) production and potentiates the IFN-γ signaling pathway
in human breast cancer cells via a mechanism that includes increased expression of the IFN-γ receptor. The goal of this study was to test the
hypothesis that DIM modulates the murine immune function. Specifically, the effects of DIM were evaluated in a panel of murine immune
function tests that included splenocyte proliferation, reactive oxygen species (ROS) generation, cytokine production and resistance to viral
infection. DIM was found to induce proliferation of splenocytes as well as augment mitogen- and interleukin (IL)-2-induced splenocyte
proliferation. DIM also stimulated the production of ROS by murine peritoneal macrophage cultures. Oral administration of DIM, but not
intraperitoneal injection, induced elevation of serum cytokines in mice, including IL-6, granulocyte colony-stimulating factor (G-CSF), IL-12
and IFN-γ. Finally, in a model of enteric virus infection, oral DIM administration to mice enhanced both clearance of reovirus from the GI
tract and the subsequent mucosal IgA response. Thus, DIM is a potent stimulator of immune function. This property might contribute to the
cancer inhibitory effects of this indole.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

3,3′-Diindolylmethane (DIM), a major acid condensation
product of indole-3-carbinol (I3C), is a promising antitumor
agent derived from Brassica vegetables [1]. The antic-
arcinogenic effects of DIM have been shown in animal
models of spontaneous, carcinogen-induced or transplanted
tumors [2,3]. Because of their effectiveness and low level of
toxicity, I3C and DIM have become widely used adjunct
Abbreviations: DIM, 3,3′-diindolylmethane; I3C, indole-3-carbinol;
IFN-γ, interferon-gamma; ROS, reactive oxygen species; IL, interleukin;
G-CSF, granulocyte colony-stimulating factor.
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therapies for recurrent respiratory papillomatosis (RRP),
caused by certain types of human papillomaviruses (HPVs)
[4,5]. In view of DIM's pronounced antitumor activities in
rodents and humans, there is considerable interest in the
modes of action of this compound.

Several studies in our laboratory have shown that DIM
evokes a biphasic response on proliferation of cultured breast
tumor cells. At higher concentrations (≥30 μM), DIM
inhibits proliferation and induces apoptosis in a manner that
is independent of estrogen receptor (ER) status [6–10]. In
contrast, at lower concentrations (b30 μM), DIM induces
proliferation of ER-replete MCF-7 cells and activates ER
binding to DNA by a mechanism that is independent of
ligand binding to the receptor [11]. Since nonphysiological
concentrations of DIM are required for its antiproliferative
effects but lower concentrations of DIM induce cell
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proliferation, the antitumor effects of this indole could very
well involve modes of action beyond direct cytostasis.

One alternative mechanism that explains the action of
DIM might be through modulation of the immune response.
Previous studies provide some evidence that exposure to I3C
could influence major immune responses, including natural
killer cell activity, antibody production and T-cell-mediated
delayed-type hypersensitivity [12,13]. Notably, DIM up-
regulates the expression of interferon-gamma (IFN-γ) and
IFN-γ receptor and potentiates the effects of IFN-γ-induced
expression of MHC-I in human breast cancer cells [14,15].
IFN-γ is a central regulator of immune and inflammatory
responses [16–18], which contribute to inhibition of primary
and transplanted tumor development [19–23] as well as to
the antiviral response [18]. Thus, if DIM has generalized
immune stimulatory properties, this capacity might indeed
contribute to its anticarcinogenic effects.

The purpose of the present study was to test the hypothesis
that DIM modulates the murine immune response. Specifi-
cally, we assessed the effects of DIM on four different
endpoints of immune function that included splenocyte
proliferation, reactive oxygen species (ROS) generation,
cytokine production and resistance to viral infection. Addition
of DIM to cultured cells enhanced both splenocyte prolifera-
tion and ROS production by peritoneal macrophages. More-
over, oral administration of DIM to mice increased serum
concentrations of granulocyte colony-stimulating factor (G-
CSF), interleukin (IL)-6, IL-12 and IFN-γ, and enhanced the
host response to enteric reovirus infection. These results
strongly suggest that DIM has potent immunomodulating
activities that are consistent with the antitumor and antiviral
activities of this dietary indole.
2. Materials and methods

2.1. Mice

C57BL/6 mice (6–8 weeks old) were purchased from
Charles River Laboratory and were housed four to five mice
per cage at 22–24°C in rooms with 50% humidity and a 12-h
light–dark cycle. All animals were given mouse chow and
water ad libitum. Mice were housed for at least 1 week before
experimental use, and age-matched animalswere employed as
described for each functional assay. All animal studies were
conducted in conformance with NIH guidelines.

2.2. In vitro effects of DIM on splenic
lymphocyte proliferation

Spleens were obtained from euthanized male mice, passed
through a nylon mesh screen, and single cells were
suspended in RPMI-1640 medium, supplemented with
10% (v/v) fetal bovine serum (FBS), 25 mM HEPES buffer
and 50 μM 2-mercaptoethanol. After treating with Red
Blood Cell Lysis Buffer (eBioscience), splenocytes were
washed twice in cold phosphate-buffered saline (PBS)
and resuspended in supplemented RPMI-1640. To determine
the effect of DIM on splenocyte proliferation, we cultured
spleen cells (1×105) in 1 ml of supplemented RPMI-1640
in a 24-well plate at 37°C, 95% humidity and 5% CO2 in
the absence or presence of the stimulators concanavalin A
(Con A, Sigma, 1.5 μg/ml) or murine IL-2 (Biosource,
150 ng/ml). Cultures were incubated with and without
DIM (1–20 μM) for 2 days, and 3 μCi of [3H]thymidine
(New England Nuclear) was added to each well. Plates
were incubated for an additional 8 h, and then cells were
harvested by centrifugation and washed three times
with 10% (w/v) trichloroacetic acid. Cell pellets were
dissolved in 400 μl of 0.3 M NaOH and incubated for
30 min at 25°C. Aliquots (350 μl) were transferred to
scintillation vials containing 4 ml of aqueous scintillation
fluid, and radioactivity was measured using a liquid
scintillation counter.

2.3. In vitro effects of DIM on ROS production
in macrophage cultures

Murine peritoneal macrophages were elicited by
injection of 3 ml of sterile Brewer's thioglycollate medium
(4.05 g/100 ml; Sigma) into the peritoneal cavity of C57BL/6
mice. After 4 days, mice were euthanized. PBS (10 ml) was
injected into the peritoneum, and lavage fluid was removed.
Peritoneal cells were washed twice by centrifugation,
resuspended in supplemented RPMI-1640 medium and
then allowed to adhere to the wells for 2 h in 5% CO2 at
37°C. Nonadherent cells were removed by three washes with
fresh culture medium, and the remaining adherent peritoneal
macrophages were used for ROS assay.

Macrophages (5×105 per well) were cultured in 12-well
plates with no additive, with DIM (10 to 40 μm) or with the
positive control LPS (100 ng/ml) for 2, 6 or 24 h. For
detection of ROS, 5 (and 6)-chloromethyl-2′,7′-dichlorodi-
hydrofluorescein diacetate acetyl ester (CM-H2DCFDA;
Molecular Probes, 4 μg/ml) was added to each well 2 h
prior to harvest. CM-H2DCFDA is a cell-permeant indicator
for ROS that is nonfluorescent until removal of the acetate
groups by intracellular esterases and oxidation occurs within
the cell. Cells were washed three times with PBS and
detached with trypsin–EDTA solution (Sigma). Fluores-
cence intensity was measured in the suspended cells using a
Beckman–Coulter Elite ESP flow cytometer (BD Scientific)
equipped with Win MDI 2.8 flow cytometry software (http://
facs.scripps.edu).

2.4. In vivo effects of DIM on serum cytokine induction

C57BL/6 male mice (n=3) were administered with 100 μl
corn oil control or DIM (30 mg/kg) in corn oil by oral gavage
or by intraperitoneal injection. This dose was used based on
its effectiveness in tumor xenograft studies [24]. Mice were
euthanized, and blood was collected 1, 3, 5, 8 or 24 h after
DIM administration. Blood was allowed to clot on ice for
60 min, and the resultant serum was stored at −70°C until
cytokine measurement.



Fig. 1. DIM enhances proliferation of splenocyte cultures. Spleen cells
(1×105/well) were cultured with various concentrations of DIM (μM )in the
absence (A) or presence of Con A (1.5 μg/ml) (B) or IL-2 (150 ng/ml) (C) for
2 days, and [3H]thymidine was added to each well. Plates were incubated for
an additional 8 h, and [3H]thymidine incorporation was determined. Results
were expressed as the mean value (±S.D.), and they are representative of at
least three individual experiments. In Panel A, asterisks indicate significant
difference between DMSO-treated and DIM-treated samples (Pb .05); in
Panels B and C, asterisks indicate significant difference between cotreatment
with DMSO and Con A/IL-2 and cotreatment with DIM and Con A/IL-2
(Pb .05).
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Serum cytokines were analyzed using a RayBio Mouse
Cytokine Array 1 (Ray Biotech) according to the manufac-
turer's instructions. This array enables detection of G-CSF,
GM-CSF, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-
12p40p70, IL-12p70, IL-13, IL-17, IFN-γ, MCP-1, MCP-5,
RANTES, SCF, sTNFRI, TNF-α, thrombopoietin and
VEGF. Briefly, membranes were incubated with blocking
buffer at 25°C for 30 min and then incubated with 1 ml
serum sample (two-fold dilution) overnight at 4°C. The
membranes were washed three times and incubated with
biotin-conjugated antibodies for 2 h at 25°C. After washing
three times, the membranes were incubated with horseradish
peroxidase (HRP)-conjugated streptavidin for an additional
1 h. HRP was detected by using chemiluminescent substrate.
Cytokines that were elevated in the focused antibody array
were further assessed using commercial ELISAs employing
antibody pairs for murine IFN-γ, IL-12 and IL-6 (Bio-
source), as well as murine G-CSF (R&D Systems),
according to the manufacturer's instructions.

2.5. In vivo effects of DIM on response to reovirus challenge

Reovirus serotype 1, strain Lang (T1/L), obtained from
Dr. Chris Cuff (West Virginia University), was grown
in L929 fibroblast cells at 34°C in DMEM medium with 5%
(v/v) FBS, 100 U/ml of penicillin, 100 μg/ml of streptomycin
and 0.25 μg/ml of amphotericin B (Gibco). A third-passage
plaque-purified virion was used for mouse infection and
prepared by 1,1,2-trichloro-1,2,2-trifluoroethane extraction
and discontinuous CsCl gradient centrifugation [25]. Titers
of purified viruses were determined by standard plaque
assay [26].

For reovirus studies, female C57BL/6 mice were housed
in flow microisolator cages under negative laminar flow in
a BSL 2 room at the Michigan State University Research
Containment Facility. Mice were orally gavaged with
180 μl corn oil (control) or 30 mg/kg DIM in 180 μl
corn oil every other day for 8 days. Two days after the first
DIM treatment, mice were infected by oral gavage with
3×107 plaque forming units (PFU) of reovirus in a total
volume of 100 μl borate-buffered saline (pH 7.4) contain-
ing 0.3% (w/v) of gelatin [27]. Fecal pellets were collected
0, 2, 4, 6, 8, 10, 12 and 14 days after viral infection. Pellets
to be used for RNA analysis were immediately frozen
at −20°C. Fecal pellets for Ig study were suspended at
0.1 g/ml in PBS, held on ice for 2 h and then sonicated for
15 s. Solutions were centrifuged at 16,000×g for 10 min at
4°C and stored at −20°C. At experiment termination, mice
were bled from the saphenous vein into heparinized tubes
and then euthanized. Plasma was separated from clotted
blood samples and stored at 4°C.

Total RNA was extracted from fecal suspension in PBS
using TRIZOL (Invitrogen), and real-time PCR for reovirus
L2 gene expression was performed as reported previously
[28]. PCR primers for λ2 core spike (L2 gene) of reovirus T1/
L were forward, 5′-ctg acg tcg atc agg tcg ttg-3′ and reverse,
5′-gat gtg gca tgc atg cat gag-3′. Purified reoviruses were
added into 10% (w/w) of fecal pellet suspension from vehicle
mice at concentrations of 0, 101, 102, 103, 104,105 106 and
107 PFU/ml to generate a standard curve that was applied to
sample quantification.

For measurement of reovirus-specific Ig responses, fecal
supernatants and sera were assayed for virus-specific IgA
and IgG2a antibody responses by the ELISA method of
Major and Cuff [29] as modified by Li et al. [28].
Absorbance at 450 nm was used as endpoint for fecal
pellets. For sera, antibody titers represented the geometric
mean of the highest serum dilutions to yield absorbance of
0.2 or higher.



Fig. 2. DIM induces ROS production in peritoneal macrophage cultures. (A)
Peritoneal macrophages (5×105 per well) were cultured with CM-
H2DCFDA with DMSO vehicle, DIM (20 μM) or 100 ng/ml of LPS for
2 h at 37°C. Cells were subjected to FACS analysis (B). Cultures were
incubated with vehicle, DIM (10–40 μM) or LPS for 2, 6 or 24 h. Cells were
detached by trypsin–EDTA and analyzed by FACS. ROS production is
presented as fold induction over the DMSO treatment after subtracting the
fluorescence intensity of the background. Results are presented as the mean
±S.D. (n=3). Asterisks indicate significant difference between DMSO-
treated and DIM-treated/LPS-treated samples (Pb .05).
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2.6. Statistical analysis

Data were analyzed using Sigma Stat software (Jandel
Scientific, San Rafael, CA). For comparisons of two groups
of data, Student's t test was performed. For comparison of
multiple groups of data, a Kruskal–Wallis one-way ANOVA
on ranks and SNK post hoc test were used. Data sets were
considered significantly different when Pb.05.
3. Results

3.1. DIM induces and augments splenocyte proliferation

Proliferation of splenocytes is a widely used marker of the
immune activation [30,31]. The effect of DIM concentra-
tions ranging from 1 to 20 μM on proliferation of
splenocytes was therefore examined using a [3H]thymidine
incorporation assay. A concentration-dependent increase in
the proliferation of splenic cells was observed following
addition of DIM alone (Fig. 1A). Effects were maximal at
10 μM, with cell proliferation being twice that of the control.
Con A- and IL-2-induced proliferation in cultures containing
10 μMDIM were 4.2 and 8.2 times higher, respectively, than
that for vehicle-treated cultures (Fig. 1B and C). The relative
decrease in splenocyte proliferation was observed at higher
concentrations of DIM (15 and 20 μM), although they are
still significantly higher compared with vehicle controls.
These data thus suggest that DIM alone activated prolifera-
tion of splenocytes and, furthermore, strongly augmented
stimulation by the agonists Con A and IL-2.

3.2. DIM induces ROS production in macrophage cultures

Activated macrophages synthesize and release ROS,
which are important in immunological clearance of tumor
targets and infectious agents [32–34]. The effect of DIM on
ROS production by peritoneal macrophages was assessed by
flow cytometry (Fig. 2). DIM induced ROS production in a
concentration-dependent fashion to as much as three times
that of background. This induction level was similar to that
of the positive control, LPS. Thus, DIM also appeared to
activate macrophages.

3.3. DIM induces cytokine production in mice

Cytokines play integral regulatory and effector roles in
the immune response [35,36]. The effects of oral and
intraperitoneal DIM exposure on serum cytokine levels were
thus assessed in the mouse over a 24-h period (1, 3, 5, 8 and
24 h) with a cytokine array. Oral administration of DIM
markedly increased the concentration of 4 out of 22 serum
cytokines tested over this time period, which included IL-6,
G-CSF, IL-12 and IFN-γ, whereas no effect was observed
when DIM was given intraperitoneally (data not shown).
Confirmation by ELISA revealed that DIM stimulated time-
dependent increases in serum levels of these cytokines that
were maximal at 3 h for G-CSF and at 5 h for IL-6 (Fig. 3A
and B). In contrast, DIM stimulation of IL-12 persisted for at
least 24 h (Fig. 3C), while induction of IFN-γ was only
observed at 24 h (Fig. 3D).

3.4. DIM augments reovirus clearance and
reovirus-induced gut IgA responses

Reoviruses are double-stranded RNA viruses that have
been extremely useful models for studying viral pathogen-
esis and host immunity [37]. Reovirus is shed in feces during
intestinal infection, thus enabling it to be continuously
monitored in feces by real-time PCR of the L2 gene [28]. To
further confirm the immunomodulatory effects of DIM, we
used an in vivo reovirus infection model (Fig. 4A). In
vehicle-treated mice, approximately 1×105 and 3.5×105 L2

RNA copies per gram of feces were detected at 2 and at
4 days postinfection (PI), respectively, and fecal L2 RNAwas
undetectable at 6 days PI and thereafter (Fig. 4B). However,
in DIM-treated mice, L2 RNAwas undetectable at 2 days PI
and only approximately 1.3×105 copies per gram of feces
were observed at 4 days PI, which were significantly less
than that for corn oil-treated mice (Pb.05). These results



Fig. 3. Oral administration of DIM induces cytokine production in mice. Mice were challenged with corn oil (gray bars) or 30 mg/kg body weight of DIM in corn
oil (black bars) by oral administration, and blood was collected at 1, 3, 5, 8 and 24 h after treatment. Serum was analyzed for (A) G-CSF, (B) IL-6, (C) IL-12 and
(D) IFN-γ via ELISA. Results were expressed as the mean value (±S.D.), and they are representative of at least three individual experiments. Asterisks indicate
significant difference between the corn oil-treated group and the DIM-treated group (Pb .05).
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suggest that oral gavage of DIM strongly suppressed both
reovirus infection and shedding.

Reovirus induces a specific mucosal IgA response, which
likely enhances clearance of the virus during initial and
secondary exposures to the agent [25,27]. To assess mucosal
IgA response, we compared reovirus-specific IgA in feces
over the 14-day course of infection in vehicle- and DIM-
treated mice. Increased reovirus-specific IgA was detectable
at 8 days PI and thereafter in control mice (Fig. 5A).
Induction of reovirus-specific IgA was significantly
enhanced at 8 and 10 days PI in DIM-treated mice
(Pb.05). In contrast, DIM did not affect reovirus-specific
serum IgA or IgG2a titers at 10 days (Fig. 5B). Overall, DIM
strongly accelerated both intestinal clearance of reovirus and
induction of reovirus-specific gut mucosal IgA following
oral administration of reovirus.
4. Discussion

DIM has been shown to effectively inhibit carcinogen-
induced and spontaneous tumor growth in a variety of animal
models, but the specific anticancer mechanisms remain
unresolved. Previous studies in our lab have shown that DIM
(a) up-regulates expression of IFN-γ and its receptor, (b)
potentiates the IFN-γ signaling pathway and (c) enhances
IFN-γ-induced expression of MHC-I complex in MCF-7
cells [15], all of which could stimulate immune responses. In
the present study, we investigated the immunological effects
of DIM using both in vitro and in vivo functional assays.
That DIM significantly increased both unstimulated and
mitogen- and IL-2-induced proliferation of splenocytes, as
well as induced ROS production in primary macrophage
cultures, suggests that this indole can directly affect
leukocytes. Moreover, oral administration of DIM stimulated
production of several cytokines, G-CSF, IL-6, IL-12 and
IFN-γ, each with characteristically different kinetics. Finally,
DIM enhanced both clearance of reovirus and the subsequent
mucosal IgA response in the model of reovirus infection.
Taken together, these data strongly support the premise
that DIM augments immune function, an activity that
might contribute to in vivo antitumor and antiviral effects
of this indole.

T and B lymphocytes play critical regulatory and effector
roles in the immune system. Immune response amplification
typically involves proliferation of lymphocytes that are
normally in a resting state [38]. Thus, proliferation assays
using spleen or lymph node cell cultures can be used to assess
overall immune competence [39]. DIM's capacity to
stimulate proliferation in naïve splenocytes suggests an
inherent potential for this compound to stimulate immune
responses. T cell activation can result in cytokine production,



Fig. 4. DIM suppresses intestinal reovirus infection. (A) Mice were orally
gavaged with 30 mg/kg DIM or corn oil every other day for 8 days. Two
days after the first DIM treatment, mice were orally gavaged with 3×107

PFU of reovirus. Fecal pellets were collected at 2-day intervals. (B) Total
RNAs were isolated, and the L2 gene was detected by real-time PCR. Data
are means±S.E.M. (n=6) of viral L2 gene copies per gram of fecal pellet.
Asterisks indicate significant difference between the corn oil-treated group
and the DIM-treated group (Pb .05). Results are representative of two
separate experiments.

ig. 5. DIM potentiates reovirus-specific intestinal IgA response but not
rum IgA or IgG2a responses. (A) Mice were treated as described in Fig.
A, and virus-specific IgA in fecal suspensions was determined by ELISA.
ata are means±S.E.M. (n=6). Asterisks indicate significant difference
etween the corn oil-treated group and the DIM-treated group (Pb .05). (B)
ice were treated as described in Fig. 4A, and serum IgA and IgG2a titers at
0 days were determined by ELISA. Data are means±S.E.M. (n=6). Results
re representative of two separate experiments.
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cytokine receptor expression and, finally, proliferation of the
activated Tcells [39]. Con A activates Tcells by binding TCR
and specifically induces proliferation of T cells. The strong
amplification of the Con A response by DIM suggests that T
cells are a possible target of DIM. Finally, IL-2 can stimulate
both Tcells and B cells and proliferation is dependent on IL-2
receptors [38]. While only modest stimulation of splenocyte
proliferation by IL-2 was noted here, it was remarkably
magnified byDIM. Themechanisms driving DIM-induced or
DIM-augmented cell proliferation are unclear at this time but
might involve alterations in receptor signaling, intracellular
kinase activity, gene transcription translation and cell
division. Future understanding of these processes and their
downstream impact will require assessment of DIM's effects
in purified lymphocyte populations and extension of these
effects to specific in vivo endpoints.

Macrophages constitute a major part of the host defense
system against infection and cancer. Accumulating evidence
indicates that activated macrophages carry out their micro-
bicidal and tumoricidal activities by oxygen-dependent
killing via products of oxidative metabolism, such as
hydrogen peroxide, superoxide anion and hydroxyl radical,
and by oxygen-independent killing via cytokines and
hydrolytic enzymes [40]. Since DIM dose-dependently
increased ROS production in primary macrophage cell
cultures, this indole has the potential to promote microbicidal
and antitumor activities via oxygen-dependent mechanisms.
Further insight is needed on how DIM directly affects
macrophages, as well as on what relevant downstream
immune events might be affected by this signaling change.

Cytokines are major mediators of host defense because
they regulate communication between antigen-presenting
cells, lymphocytes and other host cells in the course of an
immune response [36]. The cytokine repertoire present at a
tissue site determines the types of host response directed
against a tumor or locus of infection. Cytokines promoting
the development of T-cell-mediated immunity can induce or
enhance the antitumor and antimicrobial immunity [41].
Here, we demonstrated that DIM increases the level of
several critical cytokines in vivo, including G-CSF, IL-6, IL-
12 and IFN-γ. G-CSF is a growth factor that induces the
bone marrow to produce more leukocytes, which are
essential for fighting infection and cancer [42,43]. IL-6 is a
pluripotent cytokine demonstrated to act as a growth factor in
T cells and a differentiation factor in B cells [44–47]. The
antitumor, antimetastatic and antiviral activities of IFN-γ
and IL-12 also have been well documented in many different
murine models [48–53]. The combined effects of these
F
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cytokines on overall immunity are not readily predictable,
as yet. Thus, their specific role in the release of other
cytokines and mediation of anticancer effects of DIM awaits
further investigation.

It should be noted that in vivo peritoneal administration of
DIM did not result in changes in serum cytokines, while oral
administration increased cytokine levels. In studies with
peritoneal macrophage cultures, we were similarly unable to
observe increases in IFN-γ, IL-6, IL-12 and G-CSF (data not
shown). This is consistent with the lack of in vivo cytokine
production that we observed following peritoneal administra-
tion. The differences observed for cytokine production
between oral and intraperitoneal exposure might reflect
different tissue distribution of DIM, a requirement for the
metabolism of the compound and/or different cell targets
within the peritoneum, systemic compartment and gutmucosa.

The ultimate test of a putative immune modulator is to
evaluate its effects on host resistance to an infectious agent.
The mechanisms for host resistance to viruses are multi-
factorial, including innate and acquired immune compo-
nents. Immune responses to enteric reovirus infection in
murine gastrointestinal-associated lymphoid tissues have
been well characterized relative to (a) cell-mediated
immunity [27,54], (b) expression of virus-specific intestinal
IgA [25,27,55], (c) serum IgG level [55,56] and (d) cytokine
production [57,58]. These characteristics make reovirus
useful in studying the effects of immunomodulatory
compounds on viral infection in vivo [59,60]. As demon-
strated here, DIM markedly interfered with reovirus infec-
tion. The observation that DIM suppressed reovirus infection
at a very early time point (2 days PI) and also stimulated IgA
response at 8 and 10 days suggests that both the innate and
acquired arms of the immune responses, respectively, might
be enhanced by this compound.

The capacity of DIM to induce G-CSF, IL-12 and IFN-γ
might enhance cell-mediated immune responses to viruses.
G-CSF stimulates cytolytic function of NKT cells [61],
whereas IL-12 can induce IFN-γ production in both NK and
NKT cells [62]. IFN-γ mediates antiviral immunity by
multiple mechanisms including suppression of viral replica-
tion, macrophage activation, inducible nitric oxide synthase
expression and stimulation of specific cytotoxic immunity
via cell-surface-bound antigen-associated MHC proteins
[18,63]. Elevated IFN-γ expression might have enhanced
one or more of these mechanisms, thus impairing reovirus
replication and survival.

The observation that DIM markedly increased reovirus-
induced IgA response is also notable because this antibody
provides protection and mediates clearance of viruses that
invade the mucosal route [64]. IL-6 appears to be critical to
IgA production based on in vitro [65] and knockout studies
[66]. Therefore, IL-6 up-regulation by DIM could contribute
to the enhanced IgA responses.

DIM might be included in the very small group of known
low molecular weight immune enhancers. Other compounds
with related activities include imiquimod and its homologs,
which modulate innate immune responses by activating
dendritic cells, macrophages and other cells via Toll-like
receptor 7. Imiquimod is used topically and has been shown
to effectively clear genital warts and decrease the recurrence
rates of HPV-associated diseases [67–69]. That I3C and
DIM are active orally with low toxicity apparently have
made them the most popular adjunct therapies for the
treatment of RRP [4]. RRP is caused by certain types of
HPVs [70,71], and a hallmark of this disease is the tendency
of the papillomas to recur after surgical removal [72,73]. One
report indicated that most patients (55.4%) responded to the
treatment of I3C/DIM by slowing down the recurrence rate.
Recurrence of the disease was completely inhibited in 19%
of patients [4]. Previously suggested modes of action of I3C/
DIM in the control of RRP include induction of a better
estrogen metabolite balance [74], inhibition of cell prolifera-
tion [75] and apoptosis induction [9]. Our results suggest that
DIM can also enhance viral clearance.

Taken together, the results presented herein indicate that
DIM is a potent stimulator of immune function and can
directly affect splenocyte and macrophage function. These
properties might contribute to its well-documented antitumor
and antiviral effects. In vitro studies are ongoing in our
laboratories to identify specific target cells and mechanisms
for DIM immunostimulation. Additional investigations are
underway to characterize the DIM immunomodulation in
vivo relative to dose-response and duration. Such data will
provide essential insight into DIM's comparative efficacy as
a food constituent or as a nutraceutical. Ultimately, if such
immunostimulatory effects can be confirmed in human
subjects, it might explain DIM's efficacy in the treatment of
papillomatosis and, furthermore, suggest the use of this
indole as an antiviral chemotherapeutic, as well as in the
chemoprevention of malignant conversion of a broad range
of tumor types.
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