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Abstract
Staphylococcal entertoxin B (SEB) is a potent exotoxin produced by the Staphylococcus aureus.
This toxin is classified as a superantigen because of its ability to directly bind with MHC II class
molecules followed by activation of a large proportion of T cells bearing specific Vβ-T cell
receptors. Commonly associated with classic food poisoning, SEB has also been shown to induce
toxic shock syndrome, and is also considered to be a potential biological warfare agent because it
is easily aerosolized. In the present study, we assessed the ability of indole-3-carbinol (I3C) and
one of its byproducts, 3,3′-diindolylmethane (DIM), found in cruciferous vegetables, to counteract
the effects of SEB-induced activation of T cells in mice. Both I3C and DIM were found to
decrease the activation, proliferation, and cytokine production by SEB-activated Vβ8+ T cells in
vitro and in vivo. Interestingly, inhibitors of histone deacetylase class I (HDAC-I), but not class II
(HDAC-II), showed significant decrease in SEB-induced T cell activation and cytokine
production, thereby suggesting that epigenetic modulation plays a critical role in the regulation of
SEB-induced inflammation. In addition, I3C and DIM caused a decrease in HDAC-I but not
HDAC-II in SEB-activated T cells, thereby suggesting that I3C and DIM may inhibit SEB-
mediated T cell activation by acting as HDAC-I inhibitors. These studies not only suggest for the
first time that plant-derived indoles are potent suppressors of SEB-induced T cell activation and
cytokine storm but also that they may mediate these effects by acting as HDAC inhibitors.

Keywords
staphylococcal enterotoxin B; indole-3-carbinol; 3,3′-diindolylmethane; histone deacetylase;
epigenetic regulation; inflammation

© 2013 Elsevier Inc. All rights reserved.
2Address correspondence and reprint requests to: Prakash Nagarkatti, Ph.D., Vice President for Research, Carolina Distinguished
Professor, 202 Osborne Administration Building, University of South Carolina, Columbia, SC 29208, (803) 777.5458 tel, (803)
777.5457 fax, prakash@mailbox.sc.edu.

Conflict of Interest Statement
The authors declare no conflict of interests exist.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Toxicol Appl Pharmacol. Author manuscript; available in PMC 2015 January 01.

Published in final edited form as:
Toxicol Appl Pharmacol. 2014 January 1; 274(1): . doi:10.1016/j.taap.2013.10.022.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Introduction
Staphylococcal entertoxin B (SEB) is a 28-KDa protein belonging to a family of exotoxins
secreted by the bacterium Staphylococcus aureus (S. aureus), a ubiquitous Gram-positive
coccus that has been found to colonize both human and domestic animals as a common
opportunistic pathogen. It is estimated that S. aureus can be found in 20% of the general
population, with 60% of those being intermittent carriers, and has become a major cause of
nosocomial infections and community-acquired diseases (Pinchuck, 2010). Growing
worldwide concern has emerged with the discovery that many incidences of these
nosocomial infections involve the methicillin-resistant (MRSA) strain of S. aureus, with a
majority of this particularly dangerous antibiotic-resistant strain producing toxins, such as
SEB (Boyce and Havill, 2005; Schmitz et al., 1997). Among food-borne diseases, which
was estimated by the Centers for Disease Control (CDC) to affect approximately 76 million
individuals resulting in 325,000 hospitalizations and 5,000 deaths in the US alone (Mead et
al., 1999), staphylococcal entertoxin-contaminated food was reported to be the second most
common cause (Pinchuck, 2010). SEB exposure, when ingested or inhaled, can produce
mild food poisoning-like symptoms to more severe and potentially fatal conditions, such as
toxic shock syndrome (Henghold, 2004).

SEB is an extremely potent antigen, classified as a superantigen, which bypasses normal
processing by antigen-presenting cells (APCs), and results in nonspecific binding of the
major histocompatibility complex class II (MHC-II) molecule on APCs with the variable
region of the β chain of the T cell receptor (TCR) on T cells. This nonspecific binding leads
to rapid T cell activation and uncontrolled release of cytokines, also referred to as a cytokine
storm, producing an adverse inflammatory response (Baker and Acharya, 2004). It is
estimated that while exposure of normal antigens can result in the activation of
approximately 0.1% of host T cells, SEB exposure to the host can lead to the activation of 5
to 30% T cells (Reider et al., 2011). In addition to the robust activation of T cells, SEB was
found to be remarkably stable in acidic environments, such as in the gastrointestinal tract,
and highly resistant to both heat and proteolytic digestion (Ler et al., 2006). These properties
of SEB, in addition its ability to become easily aerosolized, led the CDC to classify SEB as a
category B priority agent for the potential use as a biological warfare weapon (Henghold,
2004). All of these factors illustrate the importance of discovering new therapies that would
counteract the effects of SEB exposure. Inasmuch as, conventional antibiotic therapy may
seem futile, given the emergence of the highly antibiotic-resistant strain of S. aureus, it
would seem more appropriate to seek out treatments that could reduce the rapid T cell
activation and inflammatory response caused by exposure of SEB to the host. In the current
study, we investigated the potential role of naturally-occurring indole compounds, indole-3-
carbinol (I3C) and one of its byproducts, 3,3′-diindolylmethane (DIM), in suppressing
inflammation triggered by SEB.

I3C is an indole compound found in cruciferous vegetables, such as cabbage and broccoli,
which is formed by the enzymatic breakdown of glucosinolate glucobrassicin by
myrosinase. In acidic environments, I3C undergoes rapid self-condensation reactions that
produce a variety of byproducts, with a major component being DIM (Aggarwal and
Ichikawa, 2005). In terms of structure, DIM is formed by the combination of two I3C
molecules (Fig. 1A) (Sarkar and Li, 2010). I3C and DIM have gained significant attention in
the past based on their well-studied anti-cancer effects (Ahmad et al., 2010). However, the
role of these compounds in exerting anti-inflammatory effects has emerged more recently
(Busbee et al., 2013). DIM was shown to reduce the pro-inflammatory cytokines during
dextran sodium sulfate (DSS)-induced experimental colitis in mice (Kim et al., 2009).
Recent studies from our laboratory demonstrated that in experimental autoimmune
encephalomyelitis (EAE), a mouse model for multiple sclerosis, both I3C and DIM
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ameliorated the clinical symptoms by reducing the infiltration of T cells into the brain, as
well as decreasing the pro-inflammatory cytokines in the serum of diseased mice (Rouse et
al., 2013).

Histone acetylation is an epigenetic modification that is regulated through histone
deacetylases (HDACs). The role of HDACs involves the removal of acetyl groups on lysine
residues, and in the case of histone proteins, this action plays a key role in the regulation of
gene transcription (Haberland et al., 2009; Strahl and Allis, 2000). The role of HDACs in
SEB-induced inflammation as well as the anti-inflammatory properties of dietary indoles has
not been previously investigated. In the present study, we investigated the efficacy of I3C
and DIM in reducing the activation of T cells stimulated with SEB, with particular emphasis
on the role of HDACs. Our data demonstrate for the first time that HDACs play a prominent
role in the promotion of activation and pro-inflammatory cytokine release following SEB
stimulation. Also, I3C and DIM suppress SEB-induced inflammation by acting as HDAC
inhibitors.

Materials and Methods
Animals

Female C57BL/6 mice (aged 8–10 weeks) were purchased from the National Cancer
Institute. All mice were housed at the AAALAC-accredited animal facility at the University
of South Carolina, School of Medicine (Columbia, SC). All procedures were performed
according to NIH guidelines under protocols approved by the Institutional Animal Care and
Use Committee.

Effects of I3C and DIM on mice stimulated with SEB in vivo
To test the efficacy of treatment of I3C and DIM in an in vivo SEB mouse model, SEB, in
sterile phosphate-buffered saline (PBS), was injected into each hind footpad of mice (10ug/
footpad) only once, as previously described (Camacho et al., 2002; Fernández et al., 2006).
For treatment groups, I3C and DIM, purchased from Sigma-Aldrich (St. Louis, MO), was
administered intraperitonally (ip) at 40mg/kg in a total volume of 100ul in appropriate
vehicle (2% DMSO in corn oil). Since SEB is a known superantigen that leads to a robust
immune response and resulting cytokine storm, animals were treated with either I3C or DIM
24 hours prior to SEB injection to test whether these compounds could prevent or decrease
this response. Subsequent treatments of I3C and DIM were given every other day for up to 5
days. Popiteal lymph nodes were excised from mice and made into single-cell suspensions
by a tissue homogenizer. Cells were subjected to red blood cell lysis, counted, and stained
with antibodies purchased from Biolegend (San Diego, CA) for CD3 and Vβ8 and analyzed
by flow cytometry.

Effects of I3C, DIM, and inhibitors of HDACs on splenocytes in vitro
Spleens were excised from female C57BL/6 mice (aged 8–10 weeks) and placed in complete
RPMI 1640 media supplemented with heat inactivated 10% fetal bovine serum, 10mM L-
glutamine, 10mM HEPES, 50uM β-mercaptoethanol, and 100ug/ml penicillin/streptomycin.
Tissues were homogenized into single-cell suspensions and subjected to red blood cell lysis.
Cells were plated in a 96-well plate in 200ul of complete media at 1×106 cells per well in for
3, 6, 12, or 24 hours at 37°C and 5% CO2 with or without SEB-stimulation (1ug/ml) and
with vehicle or I3C, DIM (100uM), trichostatin A (TSA) (10nM-1uM), MGCD0103 (1–
20uM), or MC1568 (1–20uM). Vehicle for all compounds was dimethyl sulfoxide (DMSO),
with a total volume of never exceeding 0.005% DMSO in complete medium per well. TSA,
MGCD0103, and MC1568 were purchased from Selleck Chemicals (Houston, TX). Cells
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were harvested after the indicated time points and stained with CD69 antibody purchased
from Biolegend (San Diego, CA) for flow cytometry analysis.

Measurement of cytokines from collected supernatants
Cell culture supernatants were collected after 24 hours from in vitro experiments described
above. Cytokines levels were analyzed and quantified using individual enzyme-linked
immunosorbent assay (ELISA) kits for interferon-gamma (IFN-γ), tumor necrosis factor-
alpha (TNF-α), interleukin-2 (IL-2), and IL-6 purchased from Biolegend (San Diego, CA).
All ELISAs were performed as per the manufacturer’s instructions.

RT-PCR for HDAC expression in CD3+cells
Expression of HDAC-I and HDAC-II mRNA from 6-hour in vitro cultures was determined
by quantitative real-time PCR. In vitro cultures with or without SEB stimulation in the
presence or absence of either I3C or DIM (100uM) were performed as described above.
After 6 hour incubation, cells were collected and sorted using EasySep™ Mouse PE Positive
Selection Kit from Stem Cell Technologies (Tukwila, WA) for expression of CD3. mRNA
was isolated using RNeasy kit from Qiagen (Valencia, CA), and cDNA was synthesized
using iScript cDNA synthesis kit from Bio-Rad (Hercules, CA). Quantitative rt-PCR was
carried out using SsoAdvanced™ SYBR® Green Supermix from Bio-Rad (Hercules, CA)
with mouse primers for HDAC-I and II (HDACs 1–10). Expression levels for all HDACs
were normalized to GAPDH mRNA levels.

Western blots for histone H3 and acetylated histone H3 lysine 9 (H3K9Ac)
Whole cell lysates were prepared from sorted CD3+ 6-hour culture conditions mentioned
above using RIPA Lysis Buffer System purchased from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA). Protein concentrations were determined using Pierce BCA Protein Assay
kit purchased from Thermo Scientific (Rockford, IL). Proteins were separated by SDS-page
and transferred to nitrocellulose membranes using a semi-dry apparatus. Membranes were
then placed in 5% dry milk blocking buffer for 1 hour at room temperature on a shaker.
Membranes were than washed and incubated overnight at 4°C in primary antibodies for H3
(1:1000 dilution) and H3K9Ac (1:500 dilution), both purchased from Cell Signaling
Technology (Beverly, MA). After the overnight incubation, membranes were washed and
incubated with secondary antibody (anti-mouse IgG) for 1 hour at room temperature. Lastly,
the membranes were washed and incubated in developing solution (Pierce ECL Western
Blotting Subrate) purchased from Thermo Scientific (Rockford, IL) for 1 minute. Western
blots were quantified using ImageJ software, and relative expression of H3K9Ac was
corrected against histone H3 signal as a loading control.

Statistical Analysis
For the in vivo mouse experiments, 5 mice were used per experimental group. For in vitro
assays, all experiments were performed in triplicate. For statistical differences, one-way
ANOVA was calculated for each experiment. Tukey’s post-hoc test was performed to
analyze differences between groups. A p value of ≤ 0.05 was used to determine statistical
significance.

Results
I3C and DIM reduce number of T cells specifically stimulated by SEB in vivo

SEB is a superantigen that triggers a strong T cell response. In order to test the efficacy of
I3C and DIM against SEB-induced inflammatory response in vivo, we injected C57BL/6
mice with SEB into footpads and studied the cell proliferation in the draining popliteal
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lymph nodes. The data indicated that the popliteal lymph node cellularity increased
dramatically following SEB immunization, when compared to vehicle controls, with the
response peaking on day 3 (Fig. 1B). In subsequent experiments, therefore, we used day 3 of
SEB immunization to compare the effects of I3C and DIM.

Our lab had previously shown that a dose of 40mg/kg of either I3C or DIM was able to
decrease cell-infiltration into the central nervous system in a mouse model of multiple
sclerosis (Rouse et al., 2013). Therefore we used this dose to determine how effective these
compounds would be against SEB-induced inflammation. We pre-treated mice with ip
injections of I3C or DIM 24-hours before mice were given SEB, followed by treatment with
I3C or DIM every other day to determine if either compound could decrease SEB-induced T
cell proliferation. SEB is known to selectively activate and lead to the expansion of T cells,
such as those bearing Vβ8 TCR (Marrack et al., 1990). Therefore, we examined the
percentages (Fig. 1C) and total cell numbers (Fig. 1D) of CD3+ Vβ8+ cell populations
isolated from popliteal lymph nodes on day 3 following SEB immunization. The CD3+ Vβ8+

T cell percentages expanded in lymph nodes of mice injected with SEB (10.9%) compared
to vehicle-treated mice (4.6%), However, in mice treated with SEB+I3C or SEB+DIM, there
was marked decrease in the percentages of these T cells (5.3% and 4.6% respectively) (Fig
1C) as well as the total cell numbers (Fig 1D).

Treatment of I3C and DIM leads to decreased activation of SEB-specific Vβ8+ T cells
We next tested if I3C and DIM inhibited T cell activation. To that end, we activated spleen
cells with SEB and assessed the upregulation of the activation marker CD69 on T cells
(Lindsey et al., 2007). After 24-hour stimulation with SEB (1ug/ml), there was a significant
increase of CD69 expression, both in density and percentages (Fig 2A and B) compared to
vehicle-treated cultures. However, SEB-stimulated cultures treated with I3C or DIM
(100uM) showed reduced expression of this surface marker (Fig 2A and B). In addition, we
triple-stained cells with antibodies for CD3, Vβ8, and CD69 to access how expression of this
surface marker changed in SEB-activated T cells specifically. We gated on CD3+ cell
subsets and examined Vβ8 and CD69 expression (Fig. 2C). We noted a marked decline in
the induction of CD69 expression on T cells in general, as well as those expressing Vβ8
specifically (Fig. 2D), in SEB-stimulated cultures treated with either I3C or DIM.

I3C and DIM reduce the production of pro-inflammatory cytokines by T cells after SEB
stimulation

We next investigated the effect of I3C and DIM on pro-inflammatory cytokine production.
SEB, being a superantigen, triggers the production of a variety of cytokines by T cells
responsible for acute inflammation and shock, which include IFN-γ, TNF-α, IL-2, and IL-6
(Assenmacher et al., 1998; Heidemann et al., 2011; Krakauer et al., 2010). Production of
these pro-inflammatory cytokines was measured in supernatants collected from 24-hour in
vitro cultures of T cells that were stimulated with or without SEB, along with those that
were treated with either I3C or DIM (Fig. 3A–D). As expected, production of all the tested
pro-inflammatory cytokines increased in SEB-stimulated cultures compared to vehicle-
treated ones. Importantly, cultures treated with I3C or DIM showed marked decrease in all
cytokine levels, the exception being I3C which caused a modest decrease in IL-2 levels.
Collectively, these studies revealed that both I3C and DIM were very effective at decreasing
SEB-induced activation of T cells and production of pro-inflammatory cytokines.

Pan-inhibitor of HDACs (TSA) reduces SEB-induced T cell activation and pro-inflammatory
cytokine release

Recent studies have indicated that epigenetic regulation, such as histone acetylation and
deacetylation, plays a crucial role in gene transcription. HDACs are a family of lysine
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deacetylases that target histones as well as a significant number of non-histone proteins
(Choudhary et al., 2009). The classic HDAC family includes HDAC-I (HDAC1, HDAC2,
HDAC3, and HDAC8) and HDAC-II (HDAC4, HDAC5, HDAC6, HDAC7, HDAC9, and
HDAC10). Thus, we next considered the possibility that the indoles may suppress cytokine
genes or T cell activation markers by modulating HDACs. However, because there are no
previous studies on the role of HDACs on SEB-mediated activation of T cells and
consequent cytokine storm, we first tested the role of HDACs in SEB-induced inflammation
using HDAC inhibitors.

To this end, we investigated the effects of TSA, a pan-inhibitor of mammalian HDAC-I and
HDAC-II (Vanhaecke, 2004). For these studies, we activated T cells with SEB in the
presence of varying doses of TSA (10nM-1uM), and looked at CD69 expression and pro-
inflammatory cytokine release. Interestingly, TSA, in a dose-associated manner, was able to
decrease the induction of CD69 in SEB-activated cells (Fig. 4A) as well as the production of
inflammatory cytokines such as IFN-γ, TNF-α, IL-2, and IL-6 (Fig. 4B–E). These data
together suggested that pan-inhibition of HDACs suppresses SEB-induced T cell activation
and cytokine production.

Role of HDAC-I and II in SEB-induced T cell activation and pro-inflammatory cytokine
release

To further understand the contributions of different classes of HDACs in SEB-mediated
activation of T cells, we incorporated the use of class-specific inhibitors in our in vitro
studies. We used both MGCD0103 (MG), an inhibitor of isoforms of HDAC-I (Fournel et
al., 2008), and MC1568 (MC), a potent and selective HDAC-II inhibitor (Duong et al.,
2008), to ascertain any distinct effects that these two different classes of HDACs may have
on cells stimulated with SEB. For these studies, we used the approximate half-maximal
inhibitory concentrations (IC50) reported for these inhibitors, which consisted of a range of
doses from 0.1–20uM. The data indicated that with increasing doses of the HDAC-I
inhibitor, there was a marked decrease in CD69 expression. The only exception was the
lower dose (1uM) of MGCD0103. Interesting the HDAC-II inhibitor showed opposite
effects on CD69 expression inasmuch as with increasing doses of MC1568, there was a
significant upregulation of CD69, particularly at the higher doses (10 and 20uM) (Fig 5A).
In order to make sure that the observed effects were not due to the direct action of inhibitors
themselves, and were specific to SEB-stimulated cultures, we also cultured MGCD0103 and
MC1568 with naïve splenocytes using the same dose range (Fig. 5B). There were no
significant changes in CD69 expression under these conditions, which showed that the
downregulation of CD69 by MGCD0103 and the upregulation of this activation marker by
MC1568 were dependent on the cells being activated by SEB.

Next, we looked at pro-inflammatory cytokine release in these culture conditions (Fig. 5C–
F). The same distinct and opposite effects of HDAC-I and HDAC-II inhibitors was noted in
cytokine responses, where increasing doses of the HDAC-I inhibitor decreased SEB-induced
pro-inflammatory cytokine production, and higher doses of the HDAC-II inhibitor often
caused increased induction of pro-inflammatory cytokines. The exception of this general
trend was with IL-6, in which both inhibitors decreased production of this cytokine. The
impact of this on inflammation was not clear inasmuch as IL-6 has been shown to exert both
pro-inflammatory and anti-inflammatory effects (Wood et al., 2011).

Taken together, these studies demonstrated that SEB-induced activation of T cells and
cytokine production can be regulated by specific HDAC-I and HDAC-II inhibitors.
Furthermore, class I HDACs may play a role in promoting T cell activation and pro-
inflammatory cytokine release by SEB, whereas class II HDACs may serve to downregulate
this response.
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I3C and DIM reduce the expression of class I HDACs in T cells stimulated with SEB
Next, we determined if I3C and DIM were modulating the expression of HDACs in SEB-
activated T cells. For this purpose, we examined CD69 expression on T cells by culturing
spleen cells with SEB in the presence of vehicle, I3C, or DIM at various time points (3, 6,
12, and 24 hrs) to determine what time would be best to examine HDAC mRNA expression.
The basis for selecting this time point was to determine the earliest point at which not only
SEB-stimulated cultures showed marked increase in CD69 compared to unstimulated
cultures, but also when these SEB cultures treated with I3C or DIM showed significant
reduction in the expression of this activation maker. As shown in Fig. 6A, there was a
significant increase in CD69 expression when comparing naïve to SEB-treated cultures as
early as 3 hours. However, it was not until 6 hours that both I3C and DIM were able to
reduce the increase of CD69 expression in SEB-activated conditions (Fig. 6A). Therefore,
we chose the 6-hour time point to investigate HDAC expression levels.

To determine any differences in HDAC expression, RNA was isolated from cells under the
previously mentioned conditions after 6 hours. T cells (CD3+) were separated, and RT-PCR
was performed looking at the expression of HDAC-I and HDAC-II (Fig. 6B–E).
Interestingly, the data showed that after 6 hours of culture, SEB-activated T cells showed a
significant upregulation in HDAC-I expression compared to unstimulated T cells (Fig. 6B).
However, expression of all HDAC-II was significantly downregulated (Fig. 6C) in T cells
activated with SEB. Even more so, SEB-activated T cells that were treated with I3C or DIM
had a significant downregulation of HDAC-I expression when compared to SEB-activated T
cells treated with only vehicle (Fig. 6D). However, their reduction of HDAC-II expression
was mostly modest, with little to no significance observed (Fig. 6E). Together, these data
indicated that not only did HDAC-I expression increase and HDAC-II decrease in T cells
stimulated with SEB, but also I3C and DIM may act as HDAC-I inhibitors in SEB-activated
T cells. Lastly, we wanted to determine if the decreased HDAC expression we observed in
CD3+ T cells correlated with increased acetylation of H3K9, an important epigenetic
modification often associated with actively transcribed promoter regions (Allan et al., 2012)
and modified in T cells that become activated (Fields et al., 2002). To this end, we isolated
proteins from sorted T cells for western blots to look at H3K9Ac expression in previously
described 6-hour cultures. As shown in Fig. 6F, there was increased expression of H3K9Ac
in T cells stimulated with SEB compared to unstimulated cells, which is to be expected since
the expression of a majority of the HDACs, particularly HDAC-II, were shown to be
decreased in SEB-stimulated T cells in Fig. 6C. More importantly, levels of H3K9Ac
increased further in T cells stimulated with SEB when treated with either I3C or DIM. This
increase in H3K9Ac with I3C and DIM treatment correlates well with these compounds
decreasing HDAC expression (mainly HDAC-I) in T cells activated with SEB.

Discussion
In this study, we were able to demonstrate for the first time how effective I3C and DIM can
be against T cell activation by SEB exposure. SEB is a super antigen that triggers a large
proportion of T cells leading to cytokine storm and pathogenesis. Thus, it was remarkable to
note that both in vivo and in vitro, I3C and DIM could decrease T cell activation and
production of pro-inflammatory cytokines. In the current study, we also demonstrated for
the first time that SEB-induced inflammation may be regulated by HDACs inasmuch as
HDAC inhibitors were very effective in decreasing SEB-induced T cell activation and pro-
inflammatory cytokine production. Additionally, we also noted that I3C and DIM were able
to inhibit HDAC activity in SEB-triggered T cells, thereby suggesting that these indoles may
act as HDAC inhibitors, which may account for their anti-inflammatory properties.
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Much of the research involving I3C and DIM has concentrated on their anti-cancer
properties, but more recently there is growing evidence that these compounds can exert anti-
inflammatory effects, as shown in the current study. Chronic inflammation is thought to be a
key factor in tumor progression, and often, inflammatory cells are active and abundant in
tumor microenvironments (Mantovani et al., 2008; Coussens and Werb, 2002). This helps
explain how DIM can be so effective at reducing both colonic inflammation and the
development of tumorgenesis within the colon (Kim et al., 2009). Our laboratory recently
reported that I3C and DIM were able to suppress the inflammatory response in the CNS of
mice developing experimental autoimmune encephalitis (EAE) through the induction of
regulatory T cells (Tregs) and suppression of Th17 cells (Rouse et al., 2013). Another report
indicated that DIM was able exert anti-arthritic effects in a rat model of adjuvant-induced
arthritis (AIA) by attenuating clinical indices indicative of suppression of inflammation in
addition to reducing inflammatory cytokine production (Dong et al., 2010). DIM was also
found to be effective in mice given topical applications of 12-O-tetradecanoylphorbol-13-
acetate (TPA) on the ear or skin to induce inflammation (Kim et al., 2010). In these studies,
DIM was able to reduce nuclear factor-kappa B (NF-κB) activation leading to the reduction
of inflammatory mediators such as cyclooxygenase-2 (COX-2), IL-6, and inducible nitric
oxide synthase (iNOS). The increased accumulation of macrophages in the epididymal
adipose tissue of mice fed high-fat diets was reduced with i.p. injections of I3C, and in vitro
studies also showed that I3C mixed in co-cultures of macrophages and adipocytes, led to
decreases in inflammatory factors, IL-6 and nitrite production (Chang et al., 2011).

Several studies have linked the effects of I3C and DIM through their interaction with the
aryl hydrocarbon receptor (AhR). Interaction with the AhR has been shown to play an
important role in immune responses, particularly in T cell differentiation (Marshall and
Kerkvliet, 2010), and ligands for this particular receptor show potential in acting as anti-
inflammatory agents (Busbee et al., 2013). Our laboratory showed that the ability of I3C and
DIM to suppress Th17 cells and induce Tregs was dependent on their interaction with the
AhR in the EAE model (Rouse et al., 2013). More recently, in a study with the oxazolone-
induced colitis model, a mouse model of human ulcerative colitis, researchers found DIM
alleviated the disease by reducing Th2/Th17 responses and upregulating Tregs via the AhR
signaling pathway (Huang et al., 2013). In dendritic cells (DCs) stimulated with LPS, I3C
exhibited immunosuppressive and anti-inflammatory effects by reducing pro-inflammatory
cytokine (IL-1β, IL-6, IL-12) release (Benson and Shepherd, 2011). In the same study, co-
cultures with naïve T cells using DCs derived from bone marrow resulted in increased Treg
frequency and IL-10 production when treated with I3C. In addition to the AhR, I3C and
DIM have been known to interact with the estrogen receptor (ER), though many of these
studies are restricted to the effects these dietary indoles have on various cancer cells, such as
cell cycle arrest and apoptosis (Auborn et al., 2003; Wang et al., 2006; Mulvey et al., 2007).

One property that could explain why I3C and DIM are so effective in counteracting the
activation and pro-inflammatory release by T cells stimulated with SEB is their ability to
modulate HDAC expression, which was the focus of the current study. There are currently
eighteen identified mammalian HDACs that are classified into 4 different groups based on
their structure and homology to certain yeast proteins: class I HDACs (HDAC1, HDAC2,
HDAC3, and HDAC8), class II HDACs (HDAC4, HDAC5, HDAC6, HDAC7, HDAC9,
and HDAC10), class III HDACs (SIRT1-SIRT7), and class IV HDAC (HDAC11)
(Haberland et al., 2009). HDACs have been shown to play an important roles in regulating
inflammatory responses. Most of the studies which highlight the significance of HDACs in
the inflammatory response used inhibitors of these particular proteins. Small molecule
inhibitors of HDACs, such as TSA and suberoylanilide hydroxamic acid (SAHA), have been
shown to exert anti-inflammatory effects in a variety of inflammatory models by several
mechanisms that include the reduction of proinflammatory cytokine production (Dinarello et
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al., 2011). For example, in murine bone marrow-derived macrophages stimulated with
lipopolysacchride (LPS), TSA was found to reduce the mRNA and protein levels of pro-
inflammatory cytokines TNF-α, IL-6, and IL-1beta (IL-1β) (Han and Lee, 2009). TSA was
found to suppress IL-6 production in rheumatoid arthritis synovial cells by mRNA decay as
well (Grabiec et al., 2012). SAHA was able to reduce a plethora of pro-inflammatory
cytokines, such as TNF-α, IL-1β, IL-6, and IFN-γ, in mice challenged with LPS (Leoni et
al., 2002). Inhibitors of HDACs were also shown to be quite effective at ameliorating
inflammatory models such as murine systemic lupus erythematosus (Mishra et al., 2003) and
ulcerative colitis (Lührs et al., 2002). However, many of the HDAC inhibitors studied so far
are broad spectrum inhibitors of HDACs, with few possessing any class-specific inhibition
(Balasubramanian et al., 2009).

There is growing evidence that HDAC-I and HDAC-II may have, in addition to distinct
structures and tissue distributions, unique functional roles (Morris and Monteggia, 2013).
For example, in cancer cells, HDAC-I seem to be more important in promoting survival and
proliferation (Dokmanovic and Marks, 2005). In both renal and prostate cancer patients,
HDAC-I (HDAC1, HDAC2, and HDAC3) were found to be more highly expressed in these
patients, and this was found to correlate with a poor prognosis (Weichert et al., 2008;
Fritzsche et al., 2008). On the other hand, reduced expression of HDAC-II were indicative
of poor prognosis in lung cancer patients (Osada et al., 2004). In our present study, we
observed this same dual role of HDAC-I and HDAC-II in T cells stimulated with SEB, in
which class HDAC-I appeared to be more important in promoting activation and pro-
inflammatory cytokine release by SEB. It is interesting to note that DIM selectively induces
proteasome-mediated degradation of HDAC-I, thereby downregulating their expression in
human colon cancer cells, while having little to no effect on HDAC-II (Yongming et al.,
2010). We observed the same trend in our SEB-activated T cells that were treated with
either I3C or DIM. However, our study also showed that I3C and DIM were able to
significantly modify some HDAC-II expression as well. I3C was shown to decrease HDAC4
expression, which could further explain the effectiveness of this compound as an anti-
inflammatory agent since HDAC4 has been shown to mediate hypertension through vascular
inflammation (Usui et al., 2012). Conversely, DIM was shown to decrease HDAC5 and I3C
induced HDAC6 in SEB-activated T cells, which could indicate a more pro-inflammatory
response. HDAC5 has been shown to act as a repressor of angiogenesis in endothelial cells
(Urbich et al. 2009), and HDAC6 was linked to the promotion of acute inflammation and
production of pro-inflammatory cytokines in colonocytes and mouse intestine (Nam et al.,
2010). It is possible that these observations are very cell-type specific and not necessarily
connected to how modulation of these HDACs by I3C and DIM in SEB-activated T cells
would act. In support of this is our data showing that all of HDAC-II were downregulated in
T cells activated by SEB, and thus, any changes in their expression by I3C and DIM may
have minimal to no effects in promoting inflammation.

SEB and other staphylococcal entertoxins (SEs), are potent stimulators of the immune
system and can cause a range of diseases in humans which include food poisoning, sepsis,
and toxic shock syndrome (Le Loir et al., 2003). It is estimated that exposure to SEs can
cause disease in concentrations as low as only 1ug (Pinchuk et al., 2010). Humans are
particularly sensitive to SEB intoxication and when exposed to this toxin via the respiratory
route, even low doses can cause lethal shock (Madsen, 2001). There are very few effective
treatments currently available to treat something like SEB-induced toxic shock, and often
treatments such as intravenous injections of immunoglobulins require treatment to occur
close to the time of toxin exposure (Darenberg et al., 2004). With the growing occurrence of
heavily antibiotic-resistant strains of bacteria producing toxins like SEB, it becomes
important to find treatments and agents that would counteract the rapid T cell activation and
cytokine storm that occurs when humans are exposed to such superantigens. Our current
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study presents two naturally-occurring products, I3C and DIM, as being very effective at
reducing the effects of SEB exposure, particularly to T cells, the main components involved
in promoting toxicity. With the growing occurrence of such toxin exposure in the human
population and implications of SEB as a potential bioweapon, the discovery of just how
effective these compounds are presents a significant finding in how to possibly counteract
this potential problem.
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Highlights

• I3C and DIM reduce SEB-induced T cell activation and inflammatory cytokines

• Inhibiting class I HDACs reduce T cell activation and inflammatory cytokines

• Inhibiting class II HDACs increase T cell activation and inflammatory cytokines

• I3C and DIM selectively reduce mRNA expression of class I HDACs

• Novel use and mechanism to counteract SEB with I3C and DIM
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FIGURE 1. Treatment with I3C or DIM in vivo reduces percentage and number of SEB-specific
Vβ8 T cells
(A) Chemical structure of I3C and DIM. (B) C57BL/6 mice were given injections of 10ug of
SEB in each hind footpad only once. Total cellularity from popliteal lymph nodes isolated
from vehicle-treated versus SEB-treated mice was depicted. Mice were given ip injections of
I3C or DIM (40mg/kg) for three consecutive days prior to SEB injection, which was
followed by I3C and DIM treatment every other day. During the peak period of cell
expansion on day 3, percentages (C) and total cell numbers (D) of CD3+Vβ8+ from popiteal
lymph nodes were determined in each experimental group (n=5) using flow cytometry and
antibodies for the respective markers. Statistical significance (p-value <0.05) was
determined using GraphPad Prism analysis software with one-way ANOVA and Tukey’s
multiple comparsion test (+ indicates significance compared to Vehicle group, and *
indicates significance compared to SEB+Vehicle).
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FIGURE 2. Treatment with I3C or DIM in vitro reduces the T cell activation with SEB
Splenocytes from C57BL/6 were cultured in 96-well plates in the presence or absence of
SEB (1ug/ml). Treatment groups were cultured with 100uM of I3C or DIM or vehicle. After
24 hours, cells were stained for CD3 and CD69, and cells gated for CD3 were analyzed
CD69 by flow cytometry (A, B). Panel A shows a representative experiment and panel B
depicts data from 5 mice/group. Cells were also triple-stained with antibodies for CD3, Vβ8,
and CD69. Representative dot-plots of CD3-gated cells are shown (C), in addition to
percentages of cells gated on CD3+ Vβ8+ that expressed CD69 (D). Statistical significance
(p-value <0.05) was determined using GraphPad Prism analysis software with one-way
ANOVA and Tukey’s multiple comparsion test (+ indicates significance compared to
Vehicle group, and * indicates significance compared to SEB+Vehicle).
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FIGURE 3. Treatment with I3C or DIM decreases pro-inflammatory cytokine release after SEB
stimulation
Splenocytes from C57BL/6 mice were cultured for 24 hours with or without 1ug/ml of SEB,
in the absence or presence of I3C or DIM (100uM). Supernatants were collected after 24
hours and ELISA assay was used to detect IL-2, IL-6, TNF-α, and IFN-γ. Statistical
significance (p-value <0.05) was determined using GraphPad Prism analysis software with
one-way ANOVA and Tukey’s multiple comparsion test (+ indicates significance compared
to Vehicle group, and * indicates significance compared to SEB+Vehicle).
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FIGURE 4. pan-HDAC inhibitor (TSA) reduces SEB-induced T cell activation and
proinflammatory cytokine release
Splenocytes from C57BL/6 female mice were cultured in 96-well plates in the presence or
absence of SEB (1ug/ml). Treatment groups were given a range of TSA doses (10nM-1uM).
After 24 hours, cells were stained with antibodies for CD69, followed by analysis using flow
cytometry (A). Supernatants were collected after 24 hours and ELISA assay was performed
to detect IL-2, IL-6, and TNF-α, and IFN-γ(B). Statistical significance (p-value <0.05) was
determined using GraphPad Prism analysis software with one-way ANOVA and Tukey’s
multiple comparsion test (+ indicates significance compared to Vehicle group, and *
indicates significance compared to SEB+Vehicle).
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FIGURE 5. Effect of specific inhibitors of Class I and Class II HDACs on SEB-induced T cell
activation and proinflammatory cytokine release
Splenocytes were cultured in 96-well plates in the presence or absence of SEB (1ug/ml). In
addition, cultures received Class I HDAC inhibitor, MGCD0103 (MG), or Class II inhibitor,
MC1568 (MC), at varying doses (0.1uM-20uM). After 24 hours, cells were stained using
antibodies for CD69 and analyzed by flow cytometry (A). Additionally, naïve whole
splenocytes cultures were analyzed for CD69 expression after 24 hours in the presence of
the MGCD0103 and MC1568 at the various doses (B). Supernatants were collected after 24
hours and analyzed for IL-2, IL-6, TNF-a, IFN-γ (C). Statistical significance (p-value <0.05)
was determined using GraphPad Prism analysis software with one-way ANOVA and
Tukey’s multiple comparison test (+ indicates significance compared to Vehicle group, and
* indicates significance compared to SEB+Vehicle).
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FIGURE 6. Effects of I3C and DIM on Class I and II HDACs in SEB-stimulated T cells
Splenocytes were cultured in 96-well plates in the presence or absence of SEB (1ug/ml).
Cultures also received I3C or DIM (100uM). The expression of CD69 on CD3+ was
analyzed at various time points using antibody staining and flow cytometry among the
experimental groups (A). After determining 6 hours was an appropriate time point to
examine HDAC expression, RT-PCR was performed on samples. Samples consisted of
RNA collected from PE-conjugated magnetic bead separated CD3+ T cell cultures for
HDAC-I or HDAC-II. HDAC expression was compared between unstimulated and SEB-
stimulated cultures for HDAC-I (B) and HDAC-II (C), followed by comparison between
SEB-stimulated cultures to those treated with SEB+I3C or DIM for HDAC-I (D) and
HDAC-II (E). Statistical significance (p-value <0.05) was determined using GraphPad Prism
analysis software with one-way ANOVA and Tukey’s multiple comparison test (+ indicates
significance compared to naive group, and * indicates significance compared to SEB
+Vehicle). Western blot was performed for histone H3 and H3K9Ac in proteins isolated
using RIPA buffer from CD3+ cells in all experimental groups (F). Numbers below the blots
are relative expressons of H3K9 levels of experimental groups compared to vehicle group
after normalization to histone H3 levels. Levels were determined using ImageJ software.
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