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Abstract
We have considered a novel “rational” gene targeting approach for treating pathologies whose genetic
bases are defined using select phytochemicals. We reason that one such potential application of this
approach would be conditions requiring immunosuppression such as autoimmune disease and
transplantation, where the genetic target is clearly defined; i.e., interleukin-2 and associated T-cell
activation. Therefore, we hypothesized that select phytochemicals can suppress T-lymphocyte
proliferation both in vitro and in vivo. The immunosuppressive effects of berry extract, curcumin,
quercetin, sulforaphane, epigallocatechin gallate (EGCG), resveratrol, α-tocopherol, vitamin C and
sucrose were tested on anti-CD3 plus anti-CD28-activated primary human T-lymphocytes in culture.
Curcumin, sulforaphane, quercetin, berry extract and EGCG all significantly inhibited T-cell
proliferation, and this effect was not due to toxicity. IL-2 production was also reduced by these agents,
implicating this important T-cell cytokine in proliferation suppression. Except for berry extract, these
same agents also inhibited mouse splenic T-cell proliferation and IL-2 production. Subsequent in
vivo studies revealed that quercetin (but not sulforaphane) modestly suppressed mouse splenocyte
proliferation following supplementation of BALB/c mice diets. This effect was especially prominent
if corrected for the loss of supplement “recall” as observed in cultured T-cells. These results suggest
the potential use of these select phytochemicals for treating autoimmune and transplant patients, and
support our strategy of using select phytochemicals to treat genetically-defined pathologies, an
approach that we believe is simple, healthy, and cost-effective.
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1. INTRODUCTION
Deliberately-induced clinical immunosuppression is used during bone marrow transplantation,
organ transplantation, and in the treatment of auto-immune disease [1-3]. Inhibition of
intracellular calcineurin, a phosphatase that stimulates interleukin-2 expression during the
normal T-lymphocyte immune response, has been a favorite target of immunosuppressive
approaches. Cyclosporine and FK506 are the most notable of these calcineurin inhibitors, and
have been used for many years as highly effective immunosuppressants [3-5]. More recent
approaches use these agents in combination with others that do not target calcineurin. Thus,
current immunosuppression regimens often include a combination of agents including
tacrolimus (Prograf, FK506), mycophenolate mofetil (CellCept, MMF), sirolimus (Rapamune,
Rapamycin), cyclosporine (Gengraf, Neoral, Sandimmune), azathioprine (Imuran) and others.

Despite their effectiveness, clinical immunosuppressants have historically produced numerous
side-effects [1-5]. These include risk of infection, nephrotoxicity, nausea, stomach upset,
vomiting, diarrhea, high blood pressure, neurotoxicity, headaches, tremors, diabetogenicity,
altered salt levels, numbness, cholesterol elevation, triglyceride elevation, anemia, reduced
platelet count, rash or mouth sores, delayed wound healing, joint pain and others. In addition,
patients on these immunosuppression regimens have a significantly higher risk of cancer than
the general population, particularly lymphomas and skin cancer [6-9]. Thus, there is significant
interest in developing immunosuppressive approaches with less toxicity while maintaining
sufficient immunosuppression and acceptable acute rejection rates.

Our laboratory became interested in immunosuppression research due to our studies on the
gene RCAN1/ADAPT78 [10-12], whose protein product (RCAN1) has been found to inhibit
calcineurin [13-17]. Calcineurin is a major mediator of calcium signaling and, as mentioned
above, a target for effective immunosuppressants such as cyclosporine and FK506. In
evaluating immunosuppression, we considered a novel alternative approach based on the
knowledge that phytochemicals can modulate gene expression [18-21]. Specifically, we
hypothesize that select phytochemicals can potentially be used to purposely modulate gene
expression to gain clinical benefit. Even though it is now known that phytochemicals can
modulate gene expression, their use in treating genetically-defined clinically-related conditions
has not been a focus. In order to use this approach, the genes that need to be modulated have
to be clearly defined. In the case of clinical immunosuppression, it is IL-2 (and accompanying
T-cell proliferation). That is, the activation of T-lymphocytes and their induction of IL-2
production are what sustain their proliferation during the immune response, and therefore
underlie transplant allograft rejection and autoimmunity.

Since our approach focuses on select phytochemicals, it has the major advantages of using
phytochemicals with known health benefits. This is in contrast to existing toxic
immunosuppressants, or future experimental ones with unknown long-term effects and usually
high cost. By “healthy”, we mean that reports of a dietary agent's benefits to health have been
published in respected peer-reviewed journals, and that the agent has been used for health
benefit for a long period of time. Many studies have demonstrated the beneficial effects of
phytochemicals from fresh fruits and vegetables including their prevention or delay of chronic
degenerative diseases [18-20]. These plants contain numerous and diverse nutrients including
polyphenols, antioxidants, vitamins, phase II inducers (such as sulforaphane), and potent
chemoprotectants that are thought to be major contributors to their healthy effects, and their
individual nutrients are also known to modulate gene expression [25-43]. Health benefits have
been reported for all of the plant-based compounds that we have tested for their effects on
immunosuppression [22-25,29,31-35,42].
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To date, only a modest number of studies have investigated the effects of select phytochemicals
on T-cell suppression [26,27,30,43-48]. Most notably, those that have have focused on
curcumin, an anti-inflammatory and antioxidant component of turmeric [26,27,30,44,45].
Interestingly, two curcumin studies report a strong suppression of Tlymphocyte proliferation
with near-identical inhibitory IC50 values of 3 uM [30,44]. Based on these and other studies
in our laboratory, we hypothesized that select phytochemicals can suppress T-lymphocyte
proliferation both in vitro and in vivo. Our objectives were to test selected phytochemicals,
including those previously untested, for their in vitro suppression of human T-cells and mouse
splenocytes; to include selected phytochemicals for in vivo analyses; and to assess the effect
of cell culture on the recall of in vivo phytochemical effects. Additionally, we included
curcumin as a positive control to compare our results with studies from other laboratories.
Combined, we believe that our approach of using select phytochemicals as clinical
immunosuppressants is simple, healthy, and cost-effective.

2. METHODS AND MATERIALS
2.1. Human T-lymphocyte purification

T-lymphocytes were purified from peripheral blood mononuclear cells (PBMCs) obtained
from healthy human volunteers according to the Albany Medical Center Institutional Review
Board Protocol. The PBMCs were first applied to a Ficoll-Hypaque density gradient, and white
blood cells collected. After chilling, the cells were further processed using anti-CD19
Dynabeads (Invitrogen, Carlsbad, CA) to remove B-lymphocytes and the remaining purified
T-lymphocytes were collected. These cells were centrifuged and resuspended in RPMI 1640
whole media (RPMI 1640 solution + 10% heat-inactivated fetal bovine serum + 2 mM
glutamine + 50 units/ml penicillin + 50 μg/ml streptomycin), then added to 96-well round
bottom flasks at a density of 150,000 cell/ml and cultures maintained in a humidified incubator
atmosphere of 95% air and 5% CO2 at 37°C.

2.2. Human T-lymphocyte activation
Following preincubation with select phytochemicals as described below, the purified T-
lymphocytes were activated with soluble anti-human CD3 plus soluble anti-human CD28 (49)
obtained from eBioscience (San Diego, CA), both at 5 μg/ml. After 48 hours, the cells were
pulsed with tritiated thymidine at 1 μCi/well (Perkin Elmer Health Sciences, Boston, Mass).
After 14 hours, the cells were lysed and genomic DNA collected using a Skatron Cell Harvester.
Tritiated thymidine radioactivity was then counted by Liquid Scintillation spectrometer as a
measure of cell proliferation.

2.3. Effects of select phytochemicals on T-cell activation
Cells were pretreated in culture for 30 minutes with various phytochemicals at multiple
concentrations or solvent control prior to activation to assess their effects on proliferation and
IL-2 production. These select nutrients and phytochemicals included curcumin, sulforaphane,
OptiBerry (a mixture of six berry extracts; 50-53), (−)-epigallocatechin gallate (EGCG, from
green tea), the flanonoid quercetin, the Vitamin E component alpha tocopherol, ascorbic acid
(Vitamin C), resveratrol, and sucrose (as a non-phytochemical negative control), all from
Sigma Chemical Co. (St. Louis, MO) except OptiBerry (InterHealth, CA) and sulforaphane
(LKT Labs, St. Paul, Minn.). All agents were dissolved in DMSO or ethanol except ascorbic
acid (PBS), and 0 μM concentration controls contained these solvents only. In the case of
OptiBerry, the dried extract was first dissolved in DMSO for 5 minutes at room temperature,
then centrifuged 2 minutes at 12,000 × g and the soluble fraction used for our studies.
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2.4. Effects of select phytochemicals on IL-2 levels
Cells were treated with and without select phytochemicals as described above, and culture
media aliquots removed 24 hours after stimulation with anti-CD3 and anti-CD28. Interleukin-2
(IL-2) levels in the media were then analyzed using the BD Biosciences (San Jose, CA)
Cytometric Bead Array Flex Set to human IL-2 according to the manufacturer. These analyses
were carried out at the Center for Immunology Core Center. IL-2 levels were quantified by
interpolation from a standard curve and expressed as pg per ml.

2.5. Cell viability
Twenty-four hours after stimulation with anti-CD3 and anti-CD28, cells treated as described
above were centrifuged, washed once with PBS, resuspended in PBS and cell death assessed
by flow cytometry after propidium iodide addition (12).

2.6. Mice
Six week old BALB/c female mice (obtained from Jackson Labs, Bar Harbor, ME) were used
for the in vivo study and as a source of splenocytes. They were maintained under 12 hour light/
dark cycles with food and water provided ad libitum, and housed at 4 mice per cage. All animal
studies were approved by the Albany Medical College Institutional Animal Care and Use
Committee, and animals handled and treated according to the regulations set forth in the
approved Albany Medical College Institutional Animal Care and Use Protocol

2.7. Mouse dietary treatments
Mice were randomly assigned into three groups of four mice each. Control and supplemented
diets were then provided to each group for 10 days. The control group was fed unaltered
powdered AIN-93M mouse chow (LabDiet, Richmond, IND). Animals in the two experimental
groups were fed analytical grade quercetin (0.25% w/w; Sigma) and sulforaphane (0.05% w/
w; LKT Labs), respectively, incorporated into the powdered AIN-93M mouse chow. Thus,
there were three groups for this study: control mice fed AIN-93M only; mice fed AIN-93M
supplemented with quercetin; and mice fed AIN-93M supplemented with sulforaphane. The
powders were placed in dry-diet feeder jars to avoid significant food loss that often
accompanies pellet feeding, and the jars were weighed daily to determine the amount of food
consumed. General animal health and water intake were also monitored during the 10 day test
period.

2.8. Splenocyte harvesting and culture
At the conclusion of the 10-day feeding regimen, the animals were euthanized by carbon
dioxide inhalation followed by decapitation. The spleens were removed, teased in cold PBS,
forced through nylon mesh, centrifuged, resuspended and applied to Lympholyte-M
lymphocyte separation medium (Accurate Chemical and Scientific, Westbury, NY). The white
blood cell-positive band was then removed, centrifuged, and the splenocyte pellet resuspended
in RPMI 1640 whole media. These cells were then counted, added to 96 round bottom well
culture dishes at 200,000 cell per well, stimulated with 5 μg/ml each of soluble anti-mouse
CD3 plus anti-mouse CD28, and proliferation analysis carried out as described above for
human T-lymphocytes.

2.9. Select phytochemical effects on in vitro recall
Cultured mouse splenocytes and human T-lymphocytes were treated with 40 μM quercetin, 9
μM curcumin or 6 μM sulforaphane for 30 minutes. The cultured cells were then centrifuged,
washed once with media, and split prior to plating. Half of these culture wells were then re-
supplemented with the same concentration of phytochemical supplement (40 μM quercetin, 9

Hushmendy et al. Page 4

Nutr Res. Author manuscript; available in PMC 2010 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



μM curcumin or 6 μM sulforaphane), and the other half with solvent (DMSO) only. A Control
(unsupplemented) culture was also included. Proliferation was then assessed as above.

2.10. Statistical Analyses
Proliferation and IL-2 levels are expressed as the means of duplicate analyses, or when N≥3,
the mean +/− SEM (standard error of the mean). In comparing experiments, each result was
normalized to controls, which were set at 100%. Statistically significant differences between
control and treated samples were assessed by the Kruskal-Wallis test using the SPSS Statistics
(release 8.0.0) program (SPSS Inc., Chicago, IL). P < .05 was considered significant.

3. RESULTS
3.1. Curcumin, sulforaphane, quercetin, berry extract and EGCG all significantly inhibit
human T-cell proliferation in vitro

The potential use of a number of select phytochemicals as clinical immunosuppressants was
first assessed using isolated T-lymphocytes from human volunteers. Following purification,
flow cytometry was carried out to assess purity, and revealed that 91% of the isolated cells
were CD3+ T-cells, confirming the strong enrichment of this purification protocol. These T-
cells were then used to assess the effects of various select phytochemicals on proliferation.
Initially, we compared the relative stimulatory effects of plate bound anti-CD3 plus soluble
anti-CD28; soluble anti-CD3 plus soluble anti-CD28; plate bound anti-CD3 by itself; and
soluble anti-CD3 by itself. The best stimulatory effect was observed using a combination of
the two soluble antibodies, and this was used for all future studies (data not shown).

The isolated T-cells were then preincubated with various concentrations of the selected
phytochemicals as well as purified α-tocopherol, vitamin C, and sucrose (as a control) and their
effect on cell proliferation assessed. As shown in Figs. 1 and 2, a range of effects was observed
depending upon the dietary phytochemical supplement used. Specifically, curcumin,
sulforaphane, quercetin, berry extract and EGCG all significantly inhibited T-cell proliferation
and, with the exception of Optiberry, in a dose-dependent manner (Fig. 1). All other agents
showed little or no effect (Fig. 2). The strongest suppression was observed for sulforaphane
(IC50 approximately 1μM) and curcumin (IC50 approximately 3 μM). Consistent with reports
from other labs, the 3 μM IC50 for curcumin was essentially identical to that reported for this
agent in two other similar T-lymphocyte proliferation studies [30,44]. Thus, select
phytochemicals are able to inhibit human T-cell proliferation in vitro.

3.2. Curcumin, quercetin, berry extract and EGCG all significantly inhibit human IL-2
production in vitro

Based on the strong proliferative inhibition observed for curcumin, quercetin, berry extract and
EGCG, we also evaluated their effect on IL-2 levels under the same conditions 24 hours after
stimulation (note: sulforaphane IL-2 levels were not tested here, but were in the below mouse
splenocyte studies). As shown in Fig. 3, these phytochemical supplements also suppressed IL-2
levels, and actually did so to an even greater extent than proliferation. Thus, select
phytochemicals are also able to inhibit human T-cell IL-2 production in vitro. Since T-cell
activation involves IL-2 induction and IL-2 autocrine stimulation, these results strongly suggest
that the observed proliferative inhibitions are due, at least in part, to diminished IL-2 levels.

3.3. Select phytochemical suppression of human T-cell proliferation and IL-2 production is
not due to toxicity

To rule out toxicity as the reason for the above suppressions, propidium iodide studies were
carried out. As shown in Fig. 4, no significant cell toxicity was observed with any of the select
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phytochemicals used after 24 hours. Thus, curcumin, sulforaphane, quercetin, berry extract
and EGCG inhibitions of T-cell proliferation and IL-2 production are not due to toxicity.

3.4. Curcumin, sulforaphane, quercetin, and EGCG all significantly inhibit mouse T-cell
proliferation in a mixed splenocyte population in vitro

Since we were interested in other T-cell sources as well as pursuing in vivo feeding studies in
mice, we first assessed the ability of the above selected phytochemicals to suppress mouse T-
cell activation. Here, we used whole splenocyte populations, which are a mixture of T-cells
with other immune cell types, to get a more realistic appraisal of the effect of these
phytochemicals on cells as they exist in an organism; i.e., as part of mixed cell populations.
With the possible exception of berry extracts, all select phytochemicals that inhibited human
purified T-cells (curcumin, sulforaphane, quercetin, EGCG) also inhibited mouse splenocyte
T-cell proliferation (Fig. 5). For Berry extract, stimulation was observed a lower concentrations
followed by inhibition at the highest concentration. This variability may be due, in part, to the
lesser number of samples analyzed here (N=2) as compared with human.

3.5. Curcumin, sulforaphane, quercetin, and (weakly) EGCG inhibit mouse IL-2 production in
a mixed splenocyte population in vitro

The above splenocyte cultures were also analyzed 24 hours after stimulation for IL-2 levels in
the culture media. Consistent with the proliferation results, sulforaphane, curcumin and
quercetin strongly suppressed IL-2 production, and EGCG exhibited a relatively weak effect
(Figs. 6A-C and 6E). No suppression of IL-2 levels was observed with Berry extract (Fig. 6D).

3.6. Quercetin but not sulforaphane inhibits mouse splenocyte proliferation after in vivo
feeding

To assess the effect of these select phytochemicals on T-cell activation in vivo, we selected
two of these agents, quercetin and sulforaphane, for further study. BALB/c mice were fed a
powdered diet of AIN-93M with or without quercetin (0.25 w/w) or sulforaphane (0.05 w/w)
for 10 days. No significant difference in food consumed per day was observed, and there was
a modest loss of weight in the sulforaphane-fed mice (6.7%) as compared with Control and
quercetin fed. A 20% statistically significant reduction in proliferation was observed in the
quercetin-fed mice as compared with Control (Kruskal-Wallis test; P < .05). However,
sulforaphane-fed mice splenocytes exhibited proliferation near equal to Controls (Fig. 7A).

3.7. Select phytochemical effects ('recall”) are significantly lost in vitro, suggesting an even
greater in vivo suppression by quercetin

For the above in vivo study, splenocytes from the supplement-fed mice were harvested and
then analyzed for in vitro proliferation in the absence of additional quercetin or sulforaphane.
We thus considered the likelihood that at least some of the effects (“recall”) of the in vivo
phytochemical supplement feeding may be lost during this cell culturing. To assess this, we
treated both mouse splenocytes and human T-lymphocytes with 40 μM quercetin, 9 μM
curcumin or 6 μM sulforaphane, all known suppressive concentrations for proliferation (Figs.
1 and 5), then removed the selected phytochemicals for half the wells as described in Methods
and Materials prior to stimulation. The results in Fig 7B for splenocytes and Fig. 7C for human
T-lymphocytes indicate that removal of supplement in cell culture leads to a dramatic and
statistically significant loss of suppression as compared with supplemented (Kruskal-Wallis
test; P < .05). Thus, the 20% inhibition of splenocyte proliferation observed for quercetin-fed
mice (Fig. 5) is probably a significant underestimation when considering the loss of actual
suppressive effects that occurs during subsequent cell culture. These results also underscore
the major importance of considering the loss of recall when carrying out supplement-based in
vivo studies followed by in vitro analysis.
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4. DISCUSSION
In this study, we identify select phytochemicals that are able to significantly suppress T-cell
activation in both human T-lymphocytes and mouse splenocytes. These results raise the
possibility of using these phytochemical supplements as an alternative or complementary
approach to treating autoimmune and transplant patients. Most likely, their use would be as
adjuvants, leading to a reduction (rather than elimination) in the concentration of present
clinical immunosuppressants that exhibit toxic side effects. Since many of these select
phytochemicals have anti-carcinogenic activity, they may also reduce the increased risk of
cancer associated with present clinical immunosuppression. The healthy nature of the agents
we have tested may also confer reduced infection susceptibility to patients.

A critical part to our strategic approach is our use of select phytochemicals with known health
benefits. Sulforaphane is a component of broccoli and other Cruciferous vegetables that is
reportedly cytoprotective and anticarcinogenic primarily due to its ability to induce phase II
enzymes [32,33]. OptiBerry fruit extract, the purified flanonoid quercetin, and tea
epigallocatechin-3-gallate (EGCG) were chosen because these polyphenol and other nutrient-
containing extracts and purified compounds have also been shown to improve health and
modulate gene expression [18,28,33,34,50-53]. Curcumin is considered a healthy
phytochemical with documented antioxidant, anti-inflammatory, and anti-carcinogenesis
activities, and it has also been shown to modulate gene expression [25,29-31,42]. We added
purified antioxidant Vitamin C and tocopherol to our studies because all of our tested
phytochemicals have antioxidant (or antioxidant-inducing) activities, and thus, any observed
suppression may be due to this activity. However, our lack of a suppressive effect with either
Vitamin C or tocopherol argue against antixoxidant activity as being a key mechanism by which
the tested phytochemicals suppress T-cell activation.

Our parallel IL-2 studies provide major mechanistic insight into how these phytochemical
supplements are able to immunosuppress. T-cell activation involves IL-2 induction and IL-2
autocrine stimulation to sustain proliferation of this cell-type. The coordinate decrease in IL-2
levels and cell proliferation strongly suggest that the suppression of cell division by the
phytochemical supplements tested is due, at least in part, to diminished IL-2 levels. While
beyond the scope of these studies, other mechanistic factors may also contribute to the observed
suppression of proliferation including changes in IL-2 receptor and interferon gamma levels,
and NFkB and NF-AT signaling. The latter would implicate calcineurin, a known mediator of
IL-2 production and the target of present immunosuppressants cyclosporine and tacrolimus. It
is also possible that our select phytochemicals induce T-cell cycle arrest, although preliminary
studies suggest that this is not the case. Interestingly, there is evidence for the suppression of
NF-AT and/or NFkB pathways, both of which are known mediators of IL-2 transcriptional
induction, by our select phytochemicals (31).

While these present studies are promising, additional ones are needed before the use of such
phytochemical supplements can be recommended for human autoimmune and transplant
patients. For one, their suppressive effects in humans would have to be demonstrated. If
successful, their proper dosage would also have to be then titrated. Additionally, while we are
advocating these select phytochemicals as future immunosuppressant treatments (or more
likely, co-treatments), we believe that their chronic use over a long period of time should be
investigated more thoroughly. That is, they must be amenable to ingestion at the doses and
concentrations needed over prolonged periods without toxicity. It will also be important to
assess the effect of these phytochemical supplements on other arms of the immune system such
as overall white blood cell distribution to see if this balance is altered by select phytochemical
intervention.
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In addition, the issue of bioavailability is often a concern when carrying out in vivo
phytochemical studies, including the fact that this varies from species to species [54,55]. This
is a potential limitation of our in vivo studies since here, we did not include an analysis of blood
quercetin and sulforaphane to confirm that sufficient uptake occurred. However, it has been
demonstrated that in vivo effects can occur in mice fed quercetin or sulforaphane, and at similar
levels to those that we administered [56-58]. Furthermore, we do detect in vivo effects with
quercetin as presented in Fig. 7. Thus, even with expected bioavailability constraints, we
believe that our Fig. 7 studies are still able to assess the in vivo effects of quercetin and
sulforaphane. It would also be important to ultimately test the effect of these select
phytochemicals in antigen-challenged animals, since this is what occurs and causes
autoimmunity and transplantation.

Relative to this, one curious and unresolved question is why we see suppression of T-cells
using our selected phytochemicals, since they are considered healthy [22-25,29,31-35,42] and
a healthy diet is usually associated with improved immune system function. Most likely, such
suppression is most observed during activation of T-cells such as occurs in transplantation
procedures or with certain autoimmune diseases. Otherwise, these select phytochemicals may
actually enhance other arms of the immune system (e.g., macrophages, NK cells, dendritic
cells, B-cells, etc.). If so, this could represent yet another potential valuable use of select
phytochemicals for intentional immunosuppression: that of reducing infection susceptibility
and cancer that is associated with current immunosuppression regimens.

Our approach would not only reduce treatment toxicity, but also significantly reduce the high
drug cost associated with clinical immunosuppression and improve compliance. The typical
cost of immunosuppressants is tens of thousands of dollars per year. A recent estimated U.S.
average cost summary for the first year of a kidney transplant is $27,000 (compiled by Milliman
USA, Inc. for 2006). If successful, our strategy could dramatically cut these costs since much
less expensive phytochemical supplements could be obtained at a small fraction of the cost. It
is also likely to improve compliance, as some patients do not keep to their medication schedule
due to toxicity and cost.

In summary, our data provide evidence that select phytochemicals can act as T-lymphocyte
immunosuppressants. These results suggest the potential use of these dietary supplements for
treating autoimmune and transplant patients, and support our strategy of using select
phytochemicals to treat genetically-defined pathologies including those requiring clinical
immunosuppression. Combined, we believe that our approach of using select phytochemicals
is simple, healthy, and cost-effective.
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Fig. 1. Human T-lymphocyte suppression by select phytochemicals
Human T-lymphocytes were isolated, pretreated with the indicated phytochemical supplements
at various concentrations for 30 minutes, and stimulated with 5 ug/ml each of soluble anti-
human CD3 plus anti-human CD28. Proliferation was then measured by tritiated thymidine
incorporation. (A) Sulforaphane. (B) Curcumin. (C). Quercetin. (D) Berry extracts (E) EGCG.
Data is expressed as means +/− SEM (N=3-5). For data points without error bars, N=2.
Statistically significant differences between control and treated samples were assessed by the
Kruskal-Wallis test. *P < .05.
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Fig. 2. The effects of resveratrol, Vitamin C, alpha tocophereol, and sucrose on human T-
lymphocyte proliferation
Human T-lymphocytes were isolated, pretreated with indicated phytochemical supplements at
various concentrations for 30 minutes, and stimulated with anti-CD3 plus anti-CD28.
Proliferation was then measured by tritiated thymidine incorporation. (A) Resveratrol. (B)
Vitamin C. (C) alpha tocopherol. (D) Sucrose. Data is expressed as the means of two separate
experiments. Statistically significant differences between control and treated samples for
Vitamin C (N=3) were assessed by the Kruskal-Wallis test.
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Fig. 3. The effects of select phytochemicals on human T-lymphocyte IL-2 production
Human T-lymphocytes were isolated, pretreated with the indicated phytochemical supplements
at various concentrations for 30 minutes, and stimulated with anti-CD3 plus anti-CD28. Twenty
four hours later, media was removed and assayed for IL-2 using the Cytometric Bead Array
assay. (A) Sulforaphane. (B) Curcumin. (C). Quercetin. (D) Berry extracts (E) EGCG. Data is
expressed as the means of two separate experiments.
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Fig. 4. The effects of select phytochemicals on human T-lymphocyte viability
Human T-lymphocytes were treated with phytochemical supplements, stimulated, and 24 hours
later, propidium iodide uptake assessed. Data is expressed as the means of two separate
experiments.
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Fig. 5. The effects of select phytochemicals on mouse splenocyte proliferation
Mouse splenocytes were isolated from BALB/c mouse spleens, pretreated with the indicated
phytochemical supplements at various concentrations for 30 minutes, and stimulated with 5
ug/ml each of anti-mouse CD3 plus anti-mouse CD28. Proliferation was then measured by
tritiated thymidine incorporation. (A) Sulforaphane. (B) Curcumin. (C). Quercetin. (D) Berry
extracts (E) EGCG. Data is expressed as the means of two separate experiments.
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Fig. 6. The effects of select phytochemicals on mouse splenocyte IL-2 production
Mouse splenocytes were isolated from BALB/c mouse spleens, pretreated with the indicated
phytochemical supplements at various concentrations for 30 minutes, and stimulated with anti-
CD3 plus anti-CD28. Twenty four hours later, media was removed and assayed for IL-2 using
the Cytometric Bead Array assay. (A) Sulforaphane. (B) Curcumin. (C). Quercetin. (D) Berry
extracts (E) EGCG. Data is expressed as the means of two separate experiments.
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Fig. 7.
The effects of in vivo phytochemical supplementation on mouse splenocyte proliferation, and
the retention of phytochemical supplement effect “recall”. (A) BALB/c mice were fed a
powdered diet of AIN-93M with or without quercetin (0.25 w/w) or sulforaphane (0.05 w/w)
for 10 days. After sacrifice, splenocytes were isolated from spleens, pretreated with the
indicated phytochemical supplements at various concentrations for 30 minutes, stimulated with
anti-CD3 plus anti-CD28, and proliferation measured by tritiated thymidine incorporation.
Data is expressed as means +/− SEM (N=4). (B) and (C) Retention of phytochemical
supplement recall. (B) Mouse splenocytes were supplemented with 40 uM quercetin or 6 uM
sulforaphane for 30 minutes, centrifuged, washed, and split prior to plating. Half of these
culture wells were then resupplemented with 40 uM quercetin and 6 uM sulforaphane, and the
other half with solvent (DMSO) only. Control (unsupplemented) cultures were also included.
Cells were then stimulated with anti-CD3 plus anti-CD28 and proliferation measured by
tritiated thymidine incorporation. (C) Human T-lymphocytes were supplemented with 40 uM
quercetin or 9 uM curcumin for 30 minutes, centrifuged, washed, and split prior to plating.
Half of these culture wells were then resupplemented with 40 uM quercetin and 9 uM curcumin,
and the other half with solvent (DMSO) only. Control (unsupplemented) cultures were also
included. Cells were then stimulated with anti-CD3 plus anti-CD28 and proliferation measured
by tritiated thymidine incorporation. Statistically significant differences between control and
treated samples (A) and between supplement left in versus supplement removed (B and C)
were assessed by the Kruskal-Wallis test. *P < .05.
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