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Summary

Vitamins A and E and select flavonoids in the family of catechins are

well-defined small molecules that, if proven to possess immunomodula-

tory properties, hold promise as vaccine adjuvants and various therapies.

In an effort to determine the in vivo immunomodulatory properties of

these molecules, we found that although mucosal and systemic vaccina-

tions with a recombinant HIV-1BaLgp120 with either a catechin, epigallo

catechin gallate (EGCG) or pro-vitamin A (retinyl palmitate) alone in a

vegetable-oil-in-water emulsion (OWE) suppressed antigen-specific

responses, the combination of EGCG and vitamin A or E in OWE (Nutri-

tive Immune-enhancing Delivery System, NIDS) synergistically enhanced

adaptive B-cell, and CD4+ and CD8+ T-cell responses, following induction

of relatively low local and systemic innate tumour necrosis factor-a (TNF-

a), interleukin-6 (IL-6) and IL-17, but relatively high levels of early sys-

temic IL-15 responses. For induction of adaptive interferon-c and TNF-a

responses by CD4+ and CD8+ T cells, the adjuvant effect of NIDS was

dependent on both IL-15 and its receptor. In addition, the anti-oxidant

activity of NIDS correlated positively with higher expression of the super-

oxide dismutase 1, an enzyme involved in reactive oxygen species elimina-

tion but negatively with secretion of IL-1b. This suggests that the

mechanism of action of NIDS is dependent on anti-oxidant activity and

IL-15, but independent of IL-1b and inflammasome formation. These data

show that this approach in nutritive vaccine adjuvant design holds pro-

mise for the development of potentially safer effective vaccines.

Keywords: adjuvant; flavonoid; HIV; vaccine; vegetable oil; vitamin A.

vitamin E.

Introduction

The immunomodulatory roles of the various vitamins

and flavonoids remain controversial as although some

studies suggest that some vitamins and flavonoids

enhance immunity, other studies, using the same com-

pounds, show that they in fact suppress immunity.1,2

Specifically, immunomodulation by vitamins A and D

includes both up- and down-regulation of certain

immune responses, varying by the type of immune

response, pathogen and host.1–7

For over a century, the focus on designing immune-

enhancing vaccine adjuvants and vaccines in general has

been on live attenuated viruses and bacteria, toxins and

molecules and delivery systems that induce strong innate

pro-inflammatory responses that may cause moderate to

severe adverse events and side effects.8–10 Notwithstand-

ing, it is generally accepted that innate immune responses

dictate the development and nature of adaptive immune

responses.11–13 For instance, early pro-inflammatory cyto-

kine responses such as interleukin-12 (IL-12) and tumour

necrosis factor-a (TNF-a) or chemokine responses such

as macrophage inflammatory protein-1a (MIP-1a) and

MIP-1b have been implicated to lead to strong adaptive

B-cell and T-cell immune responses.11–13

Several cytokines have been implicated in playing

important roles in the innate to adaptive response transi-

tions. Interleukin-15 is a pleiotropic cytokine, which leads
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to strong adaptive B-cell and T-cell responses, including

T helper and cytotoxic T-cell responses, and it has been

proposed to act as a vaccine adjuvant.14–20 Equally

important in designing a safe vaccine is to measure IL-17,

which in various closely related forms, is elaborated by T

helper type 17 (Th17) CD4+ T cells during innate and

adaptive immune responses. The role of IL-17 in vaccine

design, however, has been controversial in that although

it has been deemed important in protection against select

microbial infections, it has also been deemed as a factor

in generation and maintenance of auto-immune

responses.21–26 These data suggest that it is important to

measure IL-15 and IL-17 in the innate and adaptive

phases of the immune response in vaccine design.

Signal transduction pathways for vitamins A and E and

flavonoids and their derivatives also indicate a link

between these nutritional components, induction of meta-

bolic pathways and immune response elements or vice

versa.27–29 This suggests that common gene clusters,

involving immune response elements, are affected by vita-

mins, flavonoid and lipids. Because the Nutritive

Immune-enhancing Delivery System (NIDS) contains

lipids (vegetable oil), vitamins A and E and a flavonoid,

the NIDS may exert its immunomodulatory effects via

metabolic to immune response pathways.

Previously, we demonstrated the adjuvant effect of an

emulsion containing retinoic acid, catechin hydrate and

vitamin E in mustard seed oil used as a vaccine adju-

vant.30 In the present study, innate and adaptive

immunomodulatory properties of vitamin A palmitate,

vitamin E and a catechin, in a vegetable oil, were tested

as a vaccine against HIV-1, using recombinant gp120BaL
as antigen. As a mucosal adjuvant control, synthetic dou-

ble-stranded RNA (Poly (I:C), a Toll-like receptor 3

(TLR3) agonist and Th1 inducer) was used.31–33 The

systemic adjuvant controls were Alum or a squalene

oil-in-water emulsion, both of which are licensed for

human vaccines and are well-known inducers of Th2 type

responses.34,35

Materials and methods

Immunomodulators, vaccine preparations and
vaccinations

The HIV-1BaL gp120 protein was obtained from the NIH

AIDS Research and Reference Reagents Program and was

used at 5 lg per dose for the combined sublingual/in-

tranasal, and 2�5 lg per dose for intramuscular (i.m.)

vaccinations. Retinoic acid (Cat. no. R2625, and R3375;

Sigma-Aldrich, St Louis, MO) and catechin hydrate (Cat.

no. C1251; Sigma-Aldrich) were prepared as described

previously.30 Retinyl palmitate (RP) (Cat. no. R3375;

Sigma-Aldrich) was in oil form. Epigallocatechin-3-gallate

(EGCG) (Cat. no. 70935; Cayman Chemicals, Ann Arbor,

MI) was dissolved in water at 10 mg/ml. Vitamin E,

(Sigma Aldrich; a-tocopherol, Cat. no. T3251) was in oil

form. Mustard seed oil (MO) was purchased from Bota-

nic Oil Innovations, Inc. (Spooner, WI). Allyl isothio-

cyanate (Cat. no. W203408-500G-K; Sigma Aldrich) was

used at 1% volume/volume for the mucosal vaccinations

only. The in vitro and in vivo doses were 30 lg for reti-

noic acid and RP, 120 lg for catechin hydrate and

EGCG, 2 mg for vitamin E, and 49% volume/volume for

MO. Sterile Dulbecco’s PBS (Cat. no. 21-030-CV; Sigma-

Aldrich) was used to adjust the final volume for each

dose. All components were tested for endotoxin with a

Genscript kit (Cat. no. L00350; Piscataway, NJ) and the

endotoxin content in each component was found to be

< 0�005 EU/ml. All vaccines were prepared in endotoxin-

free 2�0-ml tubes (Eppendorf biopur safe-lock microcen-

trifuge tubes). All other vaccine preparations and vaccina-

tion protocols were performed as described previously.30

Mice

The studies were carried out using female BALB/c or

C57BL/6, mice that were 6–8 weeks old at the onset of

the studies, purchased from Charles River Laboratories

(Wilmington, MA). For IL-15-related studies, wild-type

(WT) C57BL/6 mice were purchased from the National

Cancer Institute-Charles River (Fredericksburg, MD).

Interlukin-15 knockout (KO) mice36 were maintained in

the facility at University of Connecticut Health Center.

The IL-15/IL-15R�/� double KO mice were generated by

intercrossing IL-15 KO and IL-15R�/� KO mice.37 All

studies were performed in accordance with the Institu-

tional Animal Care and Use Committee of UConn Health

and Murigenics, Inc. at their respective AAALAC-

approved and/or USDA approved vivarium.

The murine Air-pouch model

Sterile air pouches were produced in the shaved lower

backs of BALB/c mice as described elsewhere.38 Briefly,

this was performed by blowing 5 ml sterile air intra-der-

mally three times over a 24-hr period, after which the

various immunomodulators were injected at seven times

higher doses than the vaccination doses, in a volume of

0�7 ml each. Six hours later, 0�5 ml of sterile saline solu-

tion was injected into each of the air-pouches and with-

drawn, centrifuged to separate cells and debris and frozen

at –80°.

Cell cultures and measurement of cytokines and antibod-
ies in supernatants by ELISA and Millipore/Merck
Luminex Assays

At 1 week after the fourth and final vaccination the mice

were killed. Spleens, cervical lymph nodes and iliac lymph
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nodes were removed aseptically from individual mice and

single-cell suspensions were prepared as described in

detail.30 The various cytokines and chemokines in the

supernatants, sera or air-pouch lavages were measured

either individually by the ELISA Max Deluxe kits (Biole-

gend, San Diego, CA), or alternatively, by using mag-

netic-based multiplex Luminex assay kits (Millipore/

Merck, Billerica, MA) according to the manufacturer’s

protocols using a MAGPIX instrument (MAGPIX, Milli-

pore Luminex instrument; Darmstadt, Germany).

Fluorescence-activated cell sorter flow cytometry analysis

Single cell suspensions from spleen and lymph nodes were

prepared and incubated overnight at 5 9 106 cells per

250 ll per well, in the presence or absence of 4 lg/well
recombinant gp120BaL. Following the overnight incuba-

tion for 16 hr, the cells were spun down at 600 g for

5 min and the supernatants were removed. One millilitre

of Brefeldin A in PBS containing 1% fetal bovine serum

(FBS) was added to each well together with 4 lg/well of
gp120BaL and incubated at 4° in the dark for 5 hr. The

cells were centrifuged at 600 g for 5 min and super-

natants were removed, following which 1 ml of perme-

ability buffer (Millipore) was added and the cells were

incubated for 4–5 min, and washed with PBS containing

1% FBS. For the intracellular stainings, rat anti-mouse

interferon-c (IFN-c), TNF-a or IL-17 antibodies were

added (1 ll/sample) into the permeabilization buffer

(1 ml/sample) and the cells were incubated for 1 hr on

ice. The cells were centrifuged at 600 g for 5 min, the

supernatant (SN) were removed and the cells were re-sus-

pended in PBS containing 1% FBS. Next, surface staining

was performed by adding rat anti-mouse CD4, CD8 or

IL-17R (Millipore) at 1 ll/sample in PBS containing 1%

FBS and the cells were incubated on ice for 1 hr. The

cells were centrifuged at 600 g for 5 min, the supernatant

was removed and the cells were re-suspended in the fixa-

tion buffer (Millipore). The intracellular and surface fluo-

rescent stains were analysed by flow cytometry using a

FACS-Calibur flow cytometer (Becton Dickinson, Frank-

lin Lakes, NJ).

Measurement of anti-oxidant activity

Antioxidant capacity was determined using the Total

Antioxidant Capacity Assay from Cell BioLabs Inc. (San

Diego, CA; product number: STA-360). Samples were

prepared in methanol according to the manufacturer’s

protocol. The data shown have been adjusted for dilu-

tions. Vitamin E, vitamin A and EGCG have uric acid

equivalencies of 10�84 mM, 1�33 mM and 83�1 mM, respec-

tively. Upon combining the three substances, a uric acid

equivalency of 118�2 mM was found. Vitamin C had a

value of 34�1 mM of uric acid.

Gene expression analysis by quantitative real-time PCR

Groups of five mice each were either given NIDS daily or

not treated for 30 days. Total RNA was extracted from

individual spleens using TRIzol reagent (Invitrogen,

Carlsbad, CA) according to the manufacturer’s protocol.

Reverse transcription and quantitative real-time PCR

analysis were performed as previously described.39,40

Statistical analysis

The data from all the tests were analysed to show statisti-

cally significant differences between the means of vaccina-

tion or treatment groups, using either the analysis of

variance (ANOVA) test or Student’s t-test as appropriate.

The P-values are indicated in the figures, and related

tables.

Results

Vitamin A and/or E combined with a catechin in
vegetable oil synergistically enhance adaptive antibody
responses

We sought to determine whether a catechin, EGCG and

vitamins A and E, in a MO emulsion, alone or together

would exert any immune-enhancing or immunosuppres-

sive effects. In several preclinical studies, mucosal priming

and systemic boosting vaccinations have been shown to

induce optimal mucosal and systemic responses.8 There-

fore, mice were vaccinated twice mucosally, through com-

bined sublingual and intranasal routes, followed by once

systemically (i.m.) with HIV-1BaL gp120 alone in PBS (no

adjuvant) or with a combination of a pro-vitamin A, RP,

with or without vitamin E, and, emulsified in MO. As

controls, Poly (I:C) was used through the same vaccina-

tion routes as the NIDS components. As an additional

control, alum [aluminium and magnesium hydroxide;

Imject Alum (Pierce; Rockford, IL)] was used for i.m.

vaccinations. Combinations of RP, with or without vita-

min E, with EGCG in MO synergistically enhanced serum

IgG1 responses against HIV-1BaL gp120, which was signif-

icantly higher than Poly (I:C) following two mucosal vac-

cinations (Fig. 1a), and following two mucosal and one

i.m. vaccination (Fig. 1b, Table 1). Furthermore, combi-

nations of RP, with or without VE, with EGCG in MO

synergistically enhanced serum IgA responses against

HIV-1BaL gp120, which was significantly higher than Poly

(I:C) following two mucosal and one i.m. vaccination

(Fig. 1b, Table 1). Importantly, mucosal and systemic

vaccinations with EGCG in MO and RP in MO signifi-

cantly suppressed serum IgG1 responses compared with

vaccinations with the combinations of vitamin A and

EGCG in MO or even no adjuvant (Fig. 1b, Table 1).

Furthermore, the combined two mucosal followed by two
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systemic vaccinations with NIDS also significantly

enhanced serum IgA (Fig. 1b) compared with the same

vaccination routes with Poly (I:C), or four i.m. vaccina-

tions with Imject Alum (Fig. 1b, Table 1). Interestingly,

two mucosal priming and one systemic boosting vaccina-

tion with Alum and Poly (I:C), but not with various

NIDS formulations, significantly enhanced serum anti-

gp120 IgG2a antibody responses compared with the same

vaccinations with no adjuvant (Fig. 1b, Table 1). Of note,

a single mucosal priming vaccination did not induce

detectable antigen-specific IgM responses and two muco-

sal priming followed by two systemic boosting vaccina-

tions did not induce any detectable antigen-specific IgE

responses. These data show that vitamins A and/or E syn-

ergize with EGCG in an oil-in-water emulsion to enhance

adaptive serum IgG1 and IgA antibody responses.

NIDS enhancement of adaptive Th1 and Th2, but not
Th17 responses

We next determined CD4+ and CD8+ T-cell responses in

local draining lymph nodes and systemically in spleens,

after two mucosal priming followed by two i.m. boosting

vaccinations. The prime/boost vaccinations with NIDS

significantly enhanced local Th1 (IL-2 and TNF-a) and

Th2 (IL-5) cytokine responses in iliac lymph nodes

compared with vaccinations with antigen alone (Fig. 2a).

Of note, prime/boost vaccinations with Poly (I:C) or i.m.

vaccination with Alum also induced significantly higher

levels of the Th1 and Th2 cytokines compared with

prime/boost vaccinations with no adjuvant (Fig. 2a). In

addition, similar response for IL-2 and TNF-a was

obtained in spleen with the combined mucosal and sys-

temic vaccination with NIDS versus Poly (I:C) (data not

shown).

Because IFN-c responses are of particular interest in

Th1-mediated immunity, we next measure IFN-c
responses by both CD4+ and CD8+ T cells. The combined

prime/boost vaccinations induced significantly higher per-

centages of CD4+ IFN-c+ and CD8+ IFN-c+ cells in iliac

lymph nodes following vaccinations with NIDS compared

with vaccinations with no adjuvant (Fig. 2b). In contrast,

prime/boost vaccinations with Poly (I:C) or i.m. vaccina-

tions with Alum compared with prime/boost vaccinations

with no adjuvant did not result in significantly increased

percentages of CD4+ IFN-c+ and CD8+ IFN-c+ cells com-

pared with vaccinations with no adjuvant (Fig. 2b).

Importantly, vaccinations with NIDS not only did not

enhance local CD4+ IL-17+ responses, but in fact signifi-

cantly diminished such responses compared with vaccina-

tions with no adjuvant, Poly (I:C) or Alum (Fig. 2c).

Taken together, these results show that vaccinations with

1000

(a)

(b)
100 000

IgG1

IgG2a

IgA

10 000

1000

100

10

S
er

um
 a

nt
ig

en
 s

pe
ci

fic
 a

nt
ib

od
y

   
   

   
   

   
   

   
    ti
tr

es
  

1

*

*
*

*

100

10

S
er

um
 a

nt
ig

en
 s

pe
ci

fic
 Ig

G
1 

tit
re

s

1

No 
ad

j

No 
ad

j

VE

VE/M
O

RP/M
O

RP/E
GCG/M

O

RP/V
E/E

GCG/M
O

Poly
 (I

 : 
C)

Alum
 (I

M
 3

×)

VE/E
GCG/M

O

EGCG/M
O

EGCG

VE/E
GCG

RP/E
GCG

RP/V
E/E

GCGRP

Poly
 (I

 : 
C)

Figure 1. Effects of Nutritive Immune-enhan-

cing Delivery System (NIDS) versus other

adjuvants on antibody responses following

combination of mucosal and systemic vaccina-

tions. (a) Serum antibody titres against HIV-

1BaL gp120 following two mucosal vaccinations.

Combinations of retinyl palmitate, with or

without vitamin E, with epigallo catechin gal-

late in mustard seed oil significantly enhanced

serum IgG1 responses against HIV-1BaL gp120

compared with Poly (I:C). (b) Serum antibody

titres against HIV-1BaL gp120 following two

mucosal and one systemic vaccination. The

data presented represent one study of two with

similar data. Compared with all the other

groups, significantly enhanced IgG1 and IgA

responses following vaccinations with NIDS

were measured in sera at 2 weeks after the

third vaccination (2WP3). The data are pre-

sented as mean values from six mice per

group � SEM (error bars) and P values are

displayed as *P ≤ 0�05, **P < 0�01 and

***P < 0�001. One representative study of two

with similar results is shown.
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NIDS induced higher CD4+ IFN-c+ and CD8+ IFN-c+

responses compared with vaccinations with no adjuvant,

in the absence of IL-17 responses.

NIDS induction of strong adaptive responses occurs
in the absence of strong local and systemic
pro-inflammatory innate responses

To address an important aspect of localized adverse events,

i.e. site of injection pro-inflammatory immune responses,

we measured various innate immunity cytokines and

chemokines in the murine air-pouch model.41,42 Seven-fold

higher doses than the vaccination doses of sterile PBS, NIDS,

Poly (I:C) or Imject Alum were injected into air pouches in

the lower backs of mice and select cytokines and chemokines

were measured by a multiplex Luminex assay in the air-

pouch lavages collected 6 hr later. Injection of NIDS signifi-

cantly enhanced local, site of injection, levels of IL-12p70

and granulocyte–macrophage colony-stimulating factor, but

decreased levels of TNF-a, IL-5 and IL-13 compared with

injection of PBS (Fig. 3a, Table 2). Importantly, injection of

Poly (I:C) significantly enhanced site of injection IFN-c, IL-
6, IL-12p70, IL-5, IFN-c inducible protein 10 (IP-10),

monocyte chemoattractant protein-1, Keratinocyte Che-

moattractant-like (KC), MIP-1a and -b, MIP-2, regulated

on activation, normal T cell expressed and secreted

(RANTES) and granulocyte colony-stimulating factor, com-

pared with injection of NIDS. Furthermore, injection of

Alum significantly enhanced the same cytokines and

chemokines as Poly (I:C), but in addition also TNF-a and

granulocyte–macrophage colony-stimulating factor com-

pared with injection with NIDS (Fig. 3a, Table 2).

To determine innate responses following a common

route of systemic vaccination, next, we measured

serum innate cytokine and chemokine responses at 16 hr

following a single i.m. vaccination with no adjuvant (PBS),

NIDS, Poly (I:C) or Alum. Whereas serum concentrations

of IL-5, KC and granulocyte colony-stimulating factor were

Table 1. Statistical P values; represents the P values for Fig. 1(b)

t-test (two-tailed, two-sample equal variance)

IgG1 IgG2a IgA

RP/EGCG:No Adj ** *****

RP/EGCG:EGCG *** *****

RP/EGCG:VE ** ****

RP/EGCG:RP ** **

RP/EGCG:Poly (I:C) ****

Poly (I:C):No Adj *** **** ***

RP/EGCG:Alum *

Alum:No Adj *** ***

VE/RP/EGCG:No Adj ** *

VE/RP/EGCG:EGCG **** *

VE/RP/EGCG:VE *** *

VE/RP/EGCG:RP *** *

P values are displayed as *P ≤ 0�1, **P ≤ 0�05, ***P < 0�01,
****P < 0�001 and *****P < 0�00001.
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Figure 2. Cellular responses in lymph nodes following two mucosal

and two systemic vaccinations with Nutritive Immune-enhancing

Delivery System (NIDS) versus other adjuvants. (a) Cytokine

responses in iliac lymph nodes (iLN). Vaccinations with NIDS signif-

icantly enhanced local T helper type 1 (Th1) [interleukin-2 (IL-2)

and tumour necrosis factor-a (TNF-a)] and Th2 (IL-5) cytokine

responses in iliac lymph nodes (iLN) compared with no adjuvant.

(b) Cellular interferon-c (IFN-c) responses by CD4+ T helper and

CD8+ T cells in iLN. Vaccinations with NIDS significantly enhanced

percentage of local CD4+ IFN-c+ and CD8+ IFN-c+ cells in iLN,

compared with mucosal/systemic vaccinations with Poly (I:C), or

systemic vaccination with Alum. (c) Cellular IL-17 responses by

CD4+ T helper cells and IFN-c responses by CD4+ T helper and

CD8+ T cells in cervical lymph nodes (CLN). Vaccinations with

NIDS significantly diminished the percentage of CD4+ IL-17+ cells

in CLN, compared with mucosal/systemic vaccinations with Poly (I:

C), or systemic vaccination with Alum. The data are presented as

mean values from six mice per group � SEM (error bars) and P val-

ues are displayed as *P ≤ 0�05, **P < 0�01 and ***P < 0�001. The
iLN and CLN from two mice per group were pooled, i.e. n = 3. One

representative study of two with similar results is shown.
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significantly higher following i.m. vaccination with NIDS

compared with PBS, Poly (I:C) induced significantly higher

serum IP-10 compared with vaccination with no adjuvant

or with NIDS (Fig. 3b). Moreover, vaccination with Poly

(I:C) induced significantly higher IP-10, compared with no

adjuvant (Fig. 3b). Hence, although there were differences

in induction of local (air pouch) versus systemic (serum)

innate cytokines and chemokines following vaccinations

with no adjuvant compared with NIDS, Poly (I:C) and

Alum, in general, vaccinations with NIDS induced signifi-

cantly lower pro-inflammatory cytokines and chemokines

compared with vaccination with Poly (I:C) and/or Alum.

Innate serum cytokines and chemokines were also mea-

sured in serum after a single sublingual/intranasal adminis-

tration of NIDS, Poly (I:C) or no adjuvant. However, no

significant differences in serum concentrations of several
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Figure 3. Effects of Nutritive Immune-enhancing Delivery System (NIDS) versus other adjuvants on early innate and pro-inflammatory cytokine

and chemokine responses. (a) In vivo, early innate cytokine and chemokine responses using the mouse air-pouch model. The data presented rep-

resent one study of two with similar data. Compared with NIDS, significantly enhanced pro-inflammatory cytokines and chemokines following

injection of Poly (I:C) and Alum were measured. Note, the limit of detection for various analytes was different and an analyte that is below the

limit of detection for all samples is presented without an error bar. (b) Comparison of early pro-inflammatory cytokine and chemokine responses

in serum following a single intramuscular (i.m.) administration. Significantly higher serum concentrations of interleukin-5 (IL-5), KC and granu-

locyte colony-stimulating factor (G-CSF) were observed following i.m. vaccination with NIDS compared with no adjuvant. Compared with no

adjuvant or NIDS, Poly (I:C) induced significantly higher serum interferon-c-inducible protein 10 (IP-10) levels. (c) Sixteen hours following a

single i.m. vaccination with no adjuvant, NIDS, Poly (I:C) and Alum, serum IL-15 levels were found to be significantly higher following vaccina-

tion with NIDS compared with no adjuvant, Alum or Poly (I:C). The data are presented as mean values from three to eight mice per

group � SEM (error bars) and P values are displayed as *P ≤ 0�05, **P < 0�01 and ***P < 0�001.
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innate cytokines or chemokines were discernible (data not

shown).

Early innate production of IL-15 has been linked to quali-

tatively and quantitatively better adaptive cellular

responses.36,37 Sixteen hours following a single i.m. vaccina-

tion with PBS, NIDS, Poly (I:C) or Alum, serum IL-15 levels

were found to be significantly higher following vaccination

with NIDS compared with PBS, Alum or Poly (I:C)

(Fig. 3c). These data show that while several innate responses

were not elevated following i.m. vaccination with NIDS, the

innate IL-15 responses were preserved and enhanced.

Induction of local CD4+ IL-17R+ by Poly (I:C) but
not by NIDS following i.m. administration

To determine any potential role of Th17 responses in the

innate responses, we next performed flow cytometric anal-

ysis of inguinal lymph node cells prepared 10 hr after a

single i.m. administration of NIDS, Poly (I:C) or no adju-

vant. There was a significantly higher percentage of

CD4+ IL-17R+ cells in inguinal lymph nodes of mice given

Poly (I:C) compared with mice given NIDS (Fig. 4), fur-

ther supporting the notion that the NIDS formulation

generally suppresses local Th17 and pro-inflammatory

chemokines and cytokines locally and systemically.

Action of NIDS adjuvant depends on IL-15 and
IL-15R and correlates positively with anti-oxidant
activity and superoxide dismutase 1 and negatively
with IL-1b production

The finding that innate IL-15 responses were enhanced

following a single i.m. vaccination with NIDS (Fig. 3c)

prompted us to determine whether IL-15 is essential for

differentiation of adaptive B-cell and particularly T-cell

responses following vaccinations with NIDS. To this end,

we vaccinated C57BL/6 wild-type (WT), and IL-15/IL-

15R�/� (DKO) mice twice i.m. with HIV-1BaL gp120 with

no adjuvant, or mixed with NIDS, and measured antigen-

specific B-cell and T-cell responses in serum and spleen

Table 2. Statistical P values; represents the P values for Fig. 3(a)

t-test (two-tailed, two sample equal variance)

IFN-c IL-6 TNF-a IL-2 IL-17

NIDS:No Adj ** *

NIDS:Poly(I:C) ** ***** *

Poly(I:C):No Adj *** *

NIDS:Alum **** ***** ***** *****

Alum:No Adj *** **** ***

IL-12 p70 IL-12 p40 IL-4 IL-5 IL-13

NIDS:No Adj ***** ** *** **

NIDS:Poly(I:C) *** **

Poly(I:C):No Adj *** ** ***

NIDS:Alum ***** * *** *****

Alum:No Adj ***** ** ** ***** ***

IP-10 KC MCP-1 MIP-1a MIP-1b

NIDS:No Adj *

NIDS:Poly(I:C) *** *** **** ** ***

Poly(I:C):No Adj ***** * *** *** *****

NIDS:Alum * ***** **** **** ****

Alum:No Adj *** **** *** ***** *****

MIP-2 RANTES G-CSF GM-CSF

NIDS:No Adj ** *** **

NIDS:Poly(I:C) ** **** ****

Poly(I:C):No Adj ** **** ** **

NIDS:Alum **** ***** ***** ***

Alum:No Adj ***** ***** ***** ****

Abbreviations: IFN-c, interferon-c; IL-6, interleukin-6; IP-10, IFN-c-inducible protein 10; KC, ; MCP-1, monocyte chemoattractant protein 1;

MIP-1a, macrophage inflammatory protein-1a; TNF-a, tumour necrosis factor-a;
P values are displayed as *≤ 0�1, **≤ 0�05, ***< 0�01, ****< 0�001 and *****< 0�00001.
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(SP), respectively. In WT mice, as expected, NIDS

induced significantly higher serum gp120-specific IgG1

compared with no adjuvant (Fig. 5a). The adjuvant effect

of NIDS for induction of serum antigen-specific IgG1

responses, however, was intact in DKO mice (Fig. 5a).

We next addressed the role of IL-15 on the develop-

ment of adaptive T-cell responses following vaccinations

with NIDS versus no adjuvant of WT and DKO mice.

We found significantly enhanced percentages of TNF-a+

(Fig. 5b) and IFN-c+ (Fig. 5c) responses by CD4+ and

CD8+ cells in the spleens of WT but not DKO mice.

Hence, the adjuvant effect of NIDS appeared to depend

on IL-15 and its receptor for generation of important

effector functions by T cells, but not B cells.

In an effort to understand further the mechanism of

action of NIDS we also measured the anti-oxidant activity

of the NIDS components, i.e. vitamin A, vitamin E and

EGCG. Relatively strong anti-oxidant activity of the NIDS

components was detected (Fig. 5d). We next determined

whether prolonged feeding of NIDS to mice for 30 days

would induce expression of any enzymes that correlate with

strong anti-oxidant activity. We found that the expression

of superoxide dismutase 1, an enzyme that binds copper

and zinc ions and converts superoxide radicals to free oxy-

gen, was significantly enhanced in NIDS-treated mice ver-

sus untreated mice (P < 0�05) (Fig. 5e). These data show

that there is a positive correlation between the anti-oxidant

activity of NIDS, with enhanced expression of superoxide

dismutase 1 and innate IL-15 responses.

The adjuvant action of several TLR agonists, including

Poly (I:C), a TLR3 agonist,43 and bacterial lipopolysac-

charide, a TLR 4 agonist,44 depend on the activation of

the inflammasome protein complex, which leads to

enhanced IL-1b production. Hence, in the air-pouch

model, we measured production of IL-1b, 6 hr following

activation with PBS (no adjuvant), NIDS, Poly (I:C) and

Alum. We found that IL-1b production in the air

pouches was significantly enhanced following activation

with Alum (P <0�01) and Poly (I:C) (P < 0�05), com-

pared with activation with no adjuvant or with NIDS

(Fig. 5f). These data provide indirect evidence that the

NIDS does not induce formation of inflammasomes.

Discussion

While several studies have shown various degrees of

immune-enhancing properties of select vitamins and fla-

vonoids, others have indeed shown immunosuppressing

effects of such compounds.1 These discrepancies may be

due to differences in in vitro, ex vivo and in vivo studies,

differences in species tested, routes of administration,

presence of other active compounds, and the dose and

purity of the tested compounds, all of which play impor-

tant roles in the observed differences in the immunomod-

ulatory properties of vitamins and flavonoids in various

models.

This is the first study in which the combination of vita-

mins A and E and a catechin synergistically enhanced not

only B-cell responses, but also Th1, Th2 and CD8+ T-cell

responses, in the absence of select innate, pro-inflamma-

tory responses. Studies on the immunomodulatory proper-

ties of vitamins and flavonoids are gaining momentum.1,2

Although in a previous publication we had used retinoic

acid and catechin hydrate to generate NIDS,30 in the cur-

rent study, we successfully replaced catechin hydrate with

EGCG, and retinoic acid with RP, because of their low cost

for large-scale manufacturing. Vitamins A and E and

EGCG are small molecules obtainable as GMP grade, and

several batches of the seed oil from different harvests

showed no differences in the adjuvant effect of NIDS.

The enhancement of early local and systemic IL-15

responses following administration of NIDS, and the fact

that IL-15 and IL-2 partially share the same receptor, led

us to the hypothesis that IL-15 may be important for the

adjuvant action of NIDS. Interestingly, because the NIDS

induced strong local IL-15 responses, this may have
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played a role in the suppression of innate and adaptive

IL-17 responses.45

Induction and maintenance of mucosal immunological

memory is important for vaccines against HIV and other

mucosally transmitted pathogens.46 Moreover, it has been

shown that long-term antigen-specific responses following

mucosal vaccinations may be maintained by

IgM-secreting and CD45R+ B cells.47–49 Although essential

in vaccine design, by far most vaccine studies do not

address whether vaccine candidates induce long-term

immune responses or immunity.46 While our preliminary

data indicate that serum antigen-specific antibody

responses following vaccinations using NIDS adjuvant

persist for several months, the issue of life-long
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immunological memory needs to be addressed in future

studies.

Whether vaccinations with NIDS can induce protective

responses against select pathogens is an important ques-

tion. In a previous study, we demonstrated that mucosal

priming followed by systemic boosting vaccinations with

gp120CN54 in NIDS induced serum neutralizing antibod-

ies. Furthermore, our preliminary studies have demon-

strated that systemic vaccinations with NIDS mixed with

recombinant haemagglutinin from an H1N1 influenza

virus strain, induced relatively very high haemagglutina-

tion inhibition titres and protection against infection, as

measured by lung plaque-forming unit titres in a mouse

model (data not shown). These data suggest that vaccina-

tions with NIDS hold promise to protect against infection

or disease.

Elucidation of mechanism of action of vaccine adjuvants

is a complex task that has traditionally taken decades to

accomplish. This has been the case for Alum, squalene oil-

based adjuvants, toxins and toxin mutants, and TLR ago-

nists. Given the novelty of the NIDS, it is expected that

understanding the complete mechanism of action of this

adjuvant may take many years. However, in the current

study, we have shed some light on the potential mechanism

of action of NIDS. This includes the role of IL-15 in T-cell

responses, the metabolic to immune pathway of the anti-

oxidant activity, and the lack of IL-1b and the classic

inflammasome complex formation. There is increasing evi-

dence that metabolic pathways, such as anti-oxidant activ-

ity, correlate with innate responses.50 Further studies to

determine the mechanism of action of NIDS are underway.
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