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Abstract

v

Immulina®, a commercial extract of Arthrospira
(Spirulina) platensis is a potent activator of THP-1
monocytes and CD4+ T cells in vitro and enhances
several immunological functions in mice. We fur-
ther characterized Immulina® by determining
that Braun-type lipoproteins are responsible for a
major portion of the in vitro monocyte activation
exhibited by this material. In order to understand
the effect of Immulina® on NK cell activity, a pilot
study was conducted on ten healthy North Amer-
ican individuals who supplemented their diet
with Immulina® (400 mg/day) for seven days. We
observed a 40% average increase in the killing of
K562 tumor cells by NK cells (p <0.01) after Im-
mulina® supplementation. In a separate placebo-
controlled, crossover study involving 11 healthy
Danish subjects, we observed increased mRNA
expression of the NK cell marker NKG2D by 37%
(p=0.02) and by 55% (p=0.0003) after adminis-
tration of Immulina® (200 mg and 400 mg per

day, respectively) for seven days. The mRNA ex-
pression of the NK- and T-cell marker perforin
increased by 75% (p =0.008) after administration
of 400 mg Immulina® per day. Both markers dis-
played significant dose-dependent effects
(p=0.0003 and p=0.02, respectively). The ratio
between CD56P18" and CD56%™ NK cells was not
affected by Immulina® administration. In sum-
mary, two independent studies showed enhance-
ment of NK cell activity following administration
of Immulina® for seven days.

Abbreviations

v

LDH: lactate dehydrogenase
PMN: polymorphonuclear cell

Supporting information available online at
http://www.thieme-connect.de/ejournals/toc/
plantamedica

Introduction

v

Arthrospira platensis (Nordstedt) Gomont, Phor-
midiaceae (previously called Spirulina platensis
and commonly called Spirulina) has a long history
of use as food [1]. It has also been consumed by
humans for many years as a health drink or pills/
tablets without any toxicological effects [2] and
its safety has been well established. The im-
mune-enhancing properties of Spirulina or its
components have been demonstrated in various
animal models such as in chickens [3,4], dogs [5]
and mice [6].

Immulina® is a commercial extract of Spirulina
platensis that is standardized by biological activ-
ity. Our earlier studies have shown that the active
components of Immulina® were potent activators
of NF-kB and induced mRNAs encoding IL-1f and
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TNF-a [7] as well as the chemokines IL-8, MCP-1,
MIP-18 and IFN-y inducible protein-10 [8] in THP-
1 monocytes. Our later work showed that the
components within Immulina® that activate
monocytes do so predominantly through a TLR2-
dependent process [9]. Blocking antibodies to
TLR2 and CD14 blocked activation of NF-kB in hu-
man THP-1 monocytes while TLR4 antibodies had
no effect. In addition, cells transfected with plas-
mid constructs expressing both TLR2 and CD14
exhibited NF-kB activation when treated with Im-
mulina® while cells expressing TLR4, CD14 and
MD-2 did not support activation. That study also
demonstrated that oral consumption of Immuli-
na® by mice for four to five days enhanced the ex
vivo production of IgA and IL-6 from Peyer’s patch
cells and IFN-y from spleen cells [9]. This indi-
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cated that dietary Immulina® impacted both gut mucosal and
systemic immune function.

In addition to enhancing innate immune functions, a recent study
suggests that Immulina® also impacts adaptive immune re-
sponses. Consumption of Immulina® by 11 healthy male volun-
teers caused an immediate, but temporary increase in CD4+ T-
helper cell proliferation after ex vivo exposure to the recall anti-
gen C. albicans [10]. B cell proliferation was also enhanced by C.
albicans at eight days but was reduced by 56 days. Ex vivo produc-
tion of the Th1 cytokines TNF-a, IL-2, and IFN-y as well as the Th2
cytokines IL-6 and IL-5 was also enhanced by C. albicans during
the first week of Immulina® ingestion. These results suggest that
Immulina® ingestion has a temporary priming effect on adaptive
immune responses to antigenic stimuli that is most likely related
to its strong proinflammatory effect on innate immune cells.

NK cells represent important early effector cells of the innate im-
mune system and can lyse virally infected and malignant cells
without prior sensitization [11,12]. Early studies in chickens
showed that dietary Spirulina enhanced NK cell activity by two-
fold [3]. A study using a small number of healthy human volun-
teers suggested that ingestion of a hot water extract of Spirulina
influenced NK cell function [13]. The production of IFN-y by NK
cells incubated in vitro with either IL-12 or IL-12 plus IL-18 was
substantially enhanced in all four individuals that ingested this
extract for two months. Using a different set of four subjects, NK
cell cytotoxic activity was enhanced in two of the individuals
after taking this extract for two or four weeks.

In light of the results obtained in the human NK cell study above,
we investigated the effect of short-term (one week) Immulina®
ingestion on NK cell activity in two groups of healthy adults. In
addition, the levels of several NK cell molecular markers were de-
termined to further characterize the action of Immulina® on this
important innate immune cell. We also identified the main com-
ponent within this extract responsible for the TLR2-dependent
activation of innate immune cells in vitro.

Materials and Methods

v

Materials

Histopaque-1077 was purchased from Sigma-Aldrich. Human
erythroleukemic K562 cells and human monocytic THP-1 cells
were obtained from American Type Culture Collection. Immuli-
na® is available in capsule form and these capsules are manufac-
tured and marketed by Nordic Immotech A/S. This extract repre-
sents a 10 to 15% yield from spray dried Spirulina platensis and is
standardized by biological activity using a human THP-1 mono-
cyte activation assay to ensure consistent activity of the extract
from batch to batch. Batch number of capsules for Study 1 was
8638313 and for Study 2 it was 8837210. Voucher specimens for
extract and raw material for both studies were deposited in the
NCNPR repository at the University of Mississippi.

Research design

Study 1 (Pilot study): The Institutional Review Board of the Uni-
versity of Mississippi approved this study and all volunteers
signed informed consent forms. Ten normal healthy volunteers
(7 males and 3 females, ages 22-57 years with a mean of 37
years), who had no serious physical complaints, were not preg-
nant or did not recently donate blood, were recruited for a pilot
study at The University of Mississippi. Subjects taking prescrip-
tion medications, botanicals, yogurt or vitamin supplements of
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any kind were excluded from participation in the study. The indi-
viduals who fulfilled the eligibility criteria were asked to take Im-
mulina® 2 times a day with meals, in the form of capsules
(200 mg per capsule) for the period of 7 days. Peripheral blood
samples were drawn from subjects by venipuncture in the morn-
ing during the spring of 2007.

Study 2 (double-blind, placebo-controlled): The Institutional Re-
view Board of the Regional Ethics Committee for the Capital of
Denmark (reference number H-D-2008-014) approved this study
and all volunteers signed informed consent forms. To confirm the
results of the pilot study, twelve healthy volunteers (5 males and
7 females, ages 26-69 years with a mean of 52 years) fulfilling the
above-mentioned criteria were included in a study in Copen-
hagen, Denmark, during the spring of 2009. The sample size was
determined on the basis of the pilot study (Study 1). Exclusion
criteria were chronic disease, intake of prescription medications,
botanicals, yogurt or vitamin supplements of any kind. One sub-
ject was subsequently excluded from the analyses, due to intake
of nonsteroid anti-inflammatory drugs during the study.

A crossover design was chosen, in which the subjects received
Immulina® capsules 1 x 200 mg, Immulina® capsules 2 x 200 mg,
or placebo capsules for one week. All participants received each
treatment with an interval of 3.5 weeks, in a random sequence.
They were enrolled by the author MS-T, who also determined
the allocation sequence but took no part in the laboratory assess-
ments. The treatment of the participants was blinded to the lab-
oratory staff assessing the outcomes.

Statistics

For Study 1, one-tailed, repeated measures t-test was used to
identify significant changes in NK cell activity pre- versus post-
Immulina® treatment and p values less than 0.05 were consid-
ered significant.

For Study 2, to allow for day-to-day variation and possible carry-
over effects, all post-Immulina® measurements were related to
the average values of four measurements performed after no in-
take of Immulina® (before and after placebo, before 200 mg and
before 400 mg Immulina®). The observed data were log-trans-
formed prior to analysis to fulfill the assumption of normality,
and were subsequently analyzed by an ANOVA model with day,
dose and previous dose included as fixed effects and subject in-
cluded as random effect. Since only the contrasts between 200
and 0 mg; and 400 and 0 mg were tested, no correction for multi-
plicity was applied. The statistical software employed was SAS
v.9.1.3 (SAS Institute). P values less than 0.05 were considered
significant.

Braun-type lipoprotein characterization and
identification

The identification of Braun-type lipoproteins in Immulina® and
the contribution of these compounds to the in vitro activation of
THP-1 monocytes were determined using various biochemical
techniques as described previously [14].

THP-1 monocyte assay

This assay was used for biological standardization of Immulina®
and for determination of activity of samples from the lipoprotein
characterization experiments. The THP-1 human monocyte cell
line was transfected with a luciferase reporter gene construct
containing two copies of NF-xB motif from HIV/IgK as described
previously [7]. Response to a sample is reported as a percentage
relative to maximal activation of NF-kB by LPS (10 ng/mL, E. coli,
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serotype 026:B6; Sigma). Immulina® material used for these
studies exhibited an ECsq of 25 ng/mL while that of the synthetic
Braun-type lipoprotein, Pam3CSK4 was 0.1 ng/mL (InvivoGen).

Supporting information

The PBMC isolation methods, NK cell cytotoxicity assay, RT-qPCR
and flow cytometry techniques and the details about primers (Ta-
ble 1S) and antibodies used in this study are available as Support-
ing Information.

Results

v

In Study 1, ten healthy individuals were supplemented with Im-
mulina® capsules for 7 days. Adverse side effects were monitored
daily during the study period, but none were reported. The ef-
fects of Immulina® supplementation on tumoricidal activity of
the PBMC fraction, against K562 cells are summarized in
O Fig. 1. Nine of the ten participants showed an elevation in their
NK cell cytotoxic activity. Consistent with these observations, a
comparison between pre- and post-Immulina® supplementation
for all subjects showed a significant increase in the % tumor cell
death, t(9)=3.88, p<0.005. When adjusted for individual differ-
ences in baseline level, Immulina® supplementation resulted in
an average increase in NK cell cytotoxic activity of 40% and this
effect was also statistically significant, t(9) = 3.41, p<0.01. In vitro
studies with this cell target showed that purified NK cells exhib-
ited cytotoxic activity, while PBMC depleted for NK cells did not.
In addition, Immulina® extract at concentrations from 25 to
100 ug/mL did not increase target cell killing by either purified
NK cells or by PBMC devoid of NK cells in vitro (data not shown).
The findings described above prompted us to undertake a place-
bo-controlled, double-blind study (Study 2) on the effects of Im-
mulina® in a cohort of twelve healthy individuals, and in a differ-
ent laboratory. Each individual received 400 mg Immulina®,
200 mg Immulina®, or placebo for 7 days, in a random sequence,
3.5 weeks apart. None of the participants suffered any adverse ef-
fects during the study. When adjusted for individual differences
in baseline level, tumoricidal NK-cell activity using a PBMC: K562
ratio of 5:1 was increased —-10%, 83% and 54% with placebo,
200 mg and 400 mg Immulina®, respectively (© Fig. 2a). Using a
PBMC:K562 ratio of 10:1 the corresponding increases were
-4%,42% and 48%, respectively (© Fig. 2b). Although a paired t-
test revealed a significant increase in NK cell cytotoxic activity in
the 400 mg dose (p=0.03) using the PBMC/target ratio of 5:1
when the highly variable 200 mg treatment condition was re-
moved, analysis of variance of both tested PBMC/target ratios
failed to show significant treatment effects when adjusted for
day-to-day variation and possible carryover effects.

We next tested whether treatment with Immulina® produced
significant differences between pretrial and posttrial levels of
mRNAs for three NK cell markers: i) the activating receptor
NKG2D, a potent stimulatory immunoreceptor that is expressed
on NK cells, NKT cells, y/6* T cells and CD8* T cells [15]; ii) the ad-
hesion molecule CD56, also known as neural cell adhesion mole-
cule, expressed by NK cells and activated T cells, as well as by cells
within the nervous system and skeletal muscle cells [16]; and iii)
perforin, a cytolytic protein found in the granules of CD8" T cells
and NK cells [17]. When adjusted for day-to-day variation, © Ta-
ble 1 shows that NKG2D expression was 37 % higher after intake
of 200 mg Immulina® per day (p=0.02) and 55% higher after in-
take of 400 mg Immulina® per day (p =0.0003) than after intake
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Fig. 1 Effect of Immulina® supplementation on cytotoxic activity of NK
cell fraction in PBMC cultures. Healthy individuals (n = 10) consumed Im-
mulina® capsules (400 mg/day) for seven days. Peripheral blood was col-
lected before and after supplementation with Immulina®. PBMC were iso-
lated as described in the Materials and Methods section as a source of NK
cells. Tumor cell killing activity was measured via the lysis of K562 target
cells by PBMC using an effector: target cell ratio of 50: 1. Each point repre-
sents the mean of quadruplicate determinations for each individual ex-
pressed as percent tumor cell killing by NK cells at pretrial and posttrial
time points.
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Fig.2 Immulina®mediated changes in NK-cell cytotoxicity in a placebo-
controlled study. Healthy individuals consumed placebo or Immulina® cap-
sules (200 mg/day or 400 mg/day) for seven days in a crossover design with
3.5 weeks interval between the administrations. Tumor cell killing activity
was measured via the lysis of K562 target cells by PBMC, using an effector:
target cell ratio of 5: 1 (a) or 10: 1 (b). The data are shown as percent tumor
cell killing after 7 days of Immulina® consumption divided by percent tu-
mor cell killing prior to consumption, assessed in duplicate for each indi-
vidual. Bars and error bars represent mean and 95% confidence intervals
for 11 applicable participants (one was excluded due to administration of
nonsteroid anti-inflammatory drugs).

of 0 mg per day. No significant increase was observed for CD56
expression, while we found a 75% increase in the expression of
perforin after intake of 400 mg Immulina® per day (p=0.008)
and a borderline-significant increase (by 58%) after intake of
200 mg (p=0.06), as compared to the average levels after no in-
take of Immulina®. A significant dose-dependency was observed
for the expression of both NKG2D (p=0.0003) and perforin
(p=0.02). We observed no carryover effect between the treat-
ment cycles with respect to the mRNA expression of NKG2D
(p=0.69), CD56 (p=0.99) or perforin (p=0.75), indicating that
the effect of Inmulina® waned within 312 weeks.
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Table 1 Influence of Immulina® on the expression of MRNA encoding NK-cell associated molecules.

Gene product Gene
NKG2D KLRK1

Dosage

200 mg versus 0 mg
400 mg versus 0 mg
200 mg versus 400 mg
200 mg versus 0 mg
400 mg versus 0 mg
200 mg versus 400 mg
200 mg versus 0 mg
400 mg versus 0 mg
200 mg versus 400 mg

CD56? NCAM12

Perforin PRF1

Ratio with 95% CI P value'
1.37 (1.05-1.79) 0.02
1.55(1.24-1.95) 0.0003
1.13(0.92-1.39) 0.24
1.29 (0.36-4.64) 0.69
1.57 (0.56-4.44) 0.38
1.22(0.48-3.13) 0.67
1.58 (0.97-2.58) 0.06
1.75(1.16-2.63) 0.008
1.11(0.76-1.61) 0.60

Expression of mMRNA encoding NKG2D, CD56 and perforin from the genes KLRK1, NCAM1and PRF1, respectively, was measured by real-time polymerase chain reaction in isolated

PBMC before and after administration of placebo, Immulina® 200 mg/day, or Immulina® 400 mg/day for one week. The housekeeping gene beta-actin was used as a reference gene
in all measurements. The ratios represent the indicated post-lmmulina® value divided by the average of four measurements where the individuals received 0 mg Immulina® (pre-
placebo, post-placebo and pre-200 mg Immulina® and pre-400 mg Immulina®), and are shown as the mean of 11 individuals with lower and upper limits of 95 % confidence intervals
(C1). One individual was excluded from analysis due to intake of nonsteroid anti-inflammatory drugs during administration of placebo. ' Probability for the ratio = 1 as calculated by
an ANOVA model using pairwise comparisons of log-transformed data; values < 0.05 are shown in bold. ? A further two outliers in the placebo column (with ratios 0.00 and 3522,
respectively, as compared to beta-actin), and one outlier in the 200 mg/day column (ratio 0.00 as compared to beta-actin) were excluded from the analysis of CD56 expression

20+
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3
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Day 0Day7 DayODay7 Day 0Day7
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Fig.3 Immulina®mediated changes in the proportion of CD56" 9"t NK
cells. On the basis of staining with APG:conjugated anti-CD56, NK cells were
subdivided into CD56P19" and CD569™ subsets, and the change in the pro-
portion of CD56"9" cells between day 0 and day 7 after consumption of
placebo, Immulina® (200 mg/day) and Immulina® (400 mg/day), as as-
sessed by flow cytometry, is shown for 11 subjects. One outlier was re-
moved from the 200 mg/day cycle.

Approximately 10% of NK cells are known to express high levels
of CD56 and are commonly referred to as CD56P"ght NK cells [18].
Unlike the more preponderant CD564™ NK-cell subset, the
CD56Pright subset lacks inhibitory killer cell immunoglobulin-like
receptors, and expresses a distinct repertoire of chemokine re-
ceptors and adhesion molecules. They are regarded as less cyto-
toxic than CD564™ NK cells, but are more efficient cytokine pro-
ducers. We did not observe any influence of Immulina® con-
sumption on the proportion of CD56P1#ht and CD564™ NK cells
(©Fig. 3); neither did Immulina® significantly affect the overall
numbers of circulating NK cells, NKT cells and T cells, or the ex-
pression of the activity marker CD69 on the surface of the indi-
vidual cell populations (data not shown).

We previously showed that NF-kB activation in the human
monocyte cell line THP-1 by the high molecular weight fraction
of the Immulina® extract was dependent on CD14 and TLR2 [9].
This fraction makes up from 25 to 30% of the Immulina® extract
and is responsible for the majority of the activity of this extract.
Since Spirulina is a prokaryotic cyanobacteria and since Braun-
type lipoproteins from both gram-positive and gram-negative

bacteria potently activate NF-kB through a CD14- and TLR2-de-
pendent process [19-21], we employed several established bio-
chemical methods to determine if this bacterial component con-
tributed to the activity of the Immulina® extract. © Fig. 4a shows
that protein was part of the active molecule since proteinase K
treatment of the Immulina® extract (black bars) decreased the
overall size of the active component as compared to the un-
treated extract (white bars) when fractionated on an SDS poly-
acrylamide gel. The activity of the untreated (C) and proteinase
K treated (PK) Immulina® extract before gel electrophoresis were
similar indicating that the protein component was not required
for activity, similar to other characterized bacterial lipoproteins
[19,21]. The results presented in © Fig. 4b show that the activity
present in the Immulina® extract is completely abrogated by re-
moval of glycerol bound fatty acids by treatment with lipoprotein
lipase (diacylglycerol lipase). This result together with the results
presented in © Fig. 4a suggest that lipoproteins are responsible
for the majority of the activity within the Immulina® extract. Bac-
terial lipoproteins of the Braun type are produced by both gram-
negative and gram-positive bacteria and are thought to be unique
to prokaryotes. These lipoproteins contain a diacylglycerol moi-
ety that is linked by a thioether bond to the N-terminal cysteine
of the peptide chain [22]. Evidence that the active lipoproteins
detected in the Immulina® extract were indeed of the Braun type
is indicated by the detection of the modified amino acid 2,3 di-
hydroxypropylcysteine [23] using reverse phase-HPLC (Peak A,
OFig.4c).

Discussion

v

The results of Study 1 presented here indicate that supplementa-
tion of the diet with Immulina® (a commercially available, stan-
dardized extract of Spirulina platensis) can lead to enhanced ex
vivo tumoricidal activity of NK cells. The crossover study (Study
2), showed a similar tendency at the 400 mg dose, but statistical
significance was not reached when including the highly variable
results of the 200 mg dose and day-to-day variation in the analy-
sis. However, Study 2 showed an effect of Immulina® on the ex-
pression of mRNA encoding the NK cell-associated molecules
NKG2D (at both dosages) and perforin (at 400 mg Immulina® per
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Fig.4 The majority of activity detected in the Immulina® extract is due to
Braun-type lipoproteins. a Immulina® extract was dissolved in 1% octylglu-
coside and treated with proteinase K (black bars) or left untreated (white
bars). Samples (100 pg) were heated at 98 °C for five minutes in 1.5% SDS
containing buffer and fractionated on a 16.5% Tris-Tricine gel. Individual
lanes were cut into 0.5-cm sections, extracted with octylglucoside and eval-
uated for activity in THP-1 human monocytes transfected with a NF-«B lucif-
erase reporter plasmid. The black bars labeled C and PK represent the activity
of the untreated and proteinase K treated samples respectively, before frac
tionation on the gel. Values are the average of duplicate determinations in a
representative experiment that was repeated three times. b Immulina® ex-
tract was dissolved in 1% octylglucoside and samples were then incubated at
37°Cfor 16 hours with lipoprotein lipase. Control samples (without lipopro-
tein lipase) were run under identical conditions. Luciferase activity was de-
termined in THP-1 human monocytes transfected with a NF-kB luciferase
reporter plasmid. Values are the average of duplicate determinations in a
representative experiment that was repeated twice. Positive control values
for synthetic lipoprotein Pam3CSK4 run at 0.5 ng/mL were 109.2 £ 1.28

day), which supported the conclusion of Study 1 of an effect of
Immulina® on NK cells. We observed no significant change in
CD56 expression, which may be due to either distinct turnover
kinetics of this molecule on NK cells, or to a diluting effect on
mRNA by the subset of T cells expressing this molecule [16], since
the mRNA analysis were made on PBMC, and not isolated NK
cells. For the same reason, we cannot exclude that the increase
in perforin expression, in particular, was partly due to an effect
of Immulina® on T cells. However, our data showed that NK cells
were solely responsible for the tumor cell killing.

We also show that the principal innate immune enhancing com-
ponent of the Immulina® extract is Braun-type lipoproteins. This
finding is consistent with our previous studies demonstrating
that NF-kB activation by the Immulina® extract was via a TLR2-
dependent pathway [9]. This is also the first report indicating
that lipoproteins of the Braun type, a principal TLR2 ligand [21],
contribute to the immune enhancing properties of Spirulina.
Since activation of innate immune cells with Immulina® extract
is TLR2-dependent rather than TLR4-dependent, this extract
would impact TLR-containing immune cells similar to bacterial
components from gram-positive rather than gram-negative bac-
teria. It would then follow that ingestion of Immulina® by indi-
viduals may modify immune function in a manner similar to that
seen with foods rich in gram-positive bacteria such as fermented
milk products.

Several studies in mice have suggested that the activity of NK
cells can be influenced by the intestinal microflora [24,25] and
human oral consumption of bacteria (probiotics) have also been
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(untreated) and 12.4 + 0.53 (lipoprotein lipase treated). ¢ Identification of
2,3-dihydroxypropylcysteine, a structural component of Braun-type lipopro-
teins. Lipoproteins were extracted from Immulina® extract using 4% SDS and
the low-molecular weight components (less than 5000 Daltons) were re-
moved by ultrafiltration. The lipoproteins in the high-molecular weight frac
tion were treated with proteinase K to remove the bulk of the protein com-
ponent and the lipopeptide moieties were partitioned into phenol. The phe-
nol was removed by freeze drying and the active sample and the synthetic
lipoprotein Pam3CSK4 (used as a standard) were hydrolyzed using methane-
sulfonic acid. Hydrolysates were analyzed using a Hewlett Packard Amino-
Quant System. The chromatogram section shown represents separation of
active Immulina® fraction (dashed line) and active Immulina® fraction spiked
with standard (solid line) using reverse-phase HPLC with fluorescence detec
tion after being derivatized with o-phthalaldehyde. Peak A (2,3-dihydroxy-
propylcysteine) eluted with a retention time (7.20 min) identical to the stan-
dard and identification was further supported by spiking of the active frac
tion with the standard (Peak B).

shown to enhance NK cell activity [26,27]. In general, these and
other clinical trials indicate that consumption of supplements or
foods containing gram-positive bacteria (bacteria in yoghurt) can
result in a significant enhancement of cellular immunity indi-
cated by the enhancement of phagocytosis by polymorphonu-
clear cells (PMN) and/or mononuclear cells and enhanced tumor
cell killing by NK cells [28]. For example, a three-stage before and
after intervention trial showed that consumption of Bifidobacte-
rium lactis HNO19 [29] or Lactobacillus rhamnosus HN0O1 [30] for
three weeks by healthy volunteers significantly enhanced PMN
phagocytosis and NK cell tumor cell killing activity. In another
study, consumption of B. lactis HNO19 by healthy elderly volun-
teers for three weeks enhanced PMN and mononuclear phagocy-
tosis and NK cell activity [27]. These immune effects resulting
from probiotic bacteria consumption may contribute to en-
hanced disease resistance. In a double-blind, placebo-controlled
study with 326 children (3-5 years old), consumption of L. aci-
dophilus and B. animalis over a six-month period resulted in sta-
tistically significant reductions over placebo in the incidence of
fever (73%), coughing (62%) and rhinorrhea (59%). Antibiotic use
was also reduced by 84% [31].

A recent mouse study by Akao et al. investigated the role of NK
cells in the suppression of implant tumor growth by components
of Spirulina [32]. They showed that an orally administered hot
water extract of Spirulina reduced tumor growth and that NK
cells were required for this antitumor effect. In addition, the en-
hancement of NK cell activity by orally administered extract was
dependent on the MyD88 adaptor protein. This adaptor protein
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mediates signal transduction from TLR and the results of their ad-
ditional in vitro experiments suggested that components of the
Spirulina extract promoted dendritic cell maturation via a
MyD88/TLR2/4-dependent process and that factors produced by
these dendritic cells enhanced NK cell activity. These results are
consistent with our finding that Braun-type lipoproteins repre-
sent a principal active component of Spirulina and Immulina®
and that these lipoproteins target innate immune cells through
TLR2.

The mechanisms underlying the Immulina®-mediated increase
in the activity of circulating NK cells remain unclear. It deserves
to be investigated whether ingestion of Immulina® has an effect
on the production of IL-15 by mononuclear phagocytes. IL-15
promotes NK cell development in the bone marrow [33,34] and,
like IL-2, signals through the IL-2/IL-15 beta chain (CD122) and
the common gamma chain (CD132). We have previously shown
that administration of Immulina® for 3 days led to an increased
capability of circulating PBMC to respond to challenge with Can-
dida albicans with IL-2 production [10], and it is possible that an
effect of Immulina® on IL-15 and/or IL-2 production are at least
partly responsible for the effects on NK cells observed in this
study.

The results presented here, together with our previous studies
with mice and humans, indicate that short-term, oral consump-
tion of Immulina® can impact both gut mucosal and systemic im-
mune functions and suggest that it may be useful for enhancing
innate immune function for the prevention of infections in elder-
ly and in other immune-suppressed individuals, or for use as a
complementary therapy supporting optimal NK cell activity in
cancer patients.
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