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structurally complex and have estimated molecular weights
above ten million daltons. All three polysaccharides are highly
water soluble and comprise between 0.5% and 2.0X of microal-
gal dry weight immunostimulatory acthvity was measured
using a Tamoription factor-based bloassay for nudear factor
appa B (NF4appa B) activetion in THP-1 human monocytes)
macrophages. Using this system the ECg, values for these mi-
croslgal polysaccharides are between 20 and 110 ng/mi (about
10ph). THR-1 activation was confirmed by measuring immune
cytokine mRNA induction using reverse ranscriplase-pofymer-
ase chain reaction (RT-PCR). Each polysaccharide substantially
Increased mENA levels of interleuldn-15 (IL-15) and twmor ne-
crosis factor-g (TNF-g). Thete polysaccharides are between one
hundred and one thousand times more active for in vitro mono-
oyte activetion than pdyssccharide preparations that are ar-
rently used dinically for cancer immunotherapy.

Key words Aphoniromencn flos-oquoe (Nostocaceae), Spinuling
phaterss [ Osdlilatoriaceae], Chiorefla pyrencidess (Oocystaceae).
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Introduction

During the last several decades there has been an i

interest in the commercizl production of food-grade microal-
that have been explored for their commnercial potential, Spiru-
are three major fypes that have been successfully produced
and that are in widespread use.

Studies on the consumption of food-grade microalgae have
reported mnhanced immune function in both animals and hu-
mans. Oral administration of Chiorella vulgaris has been come-
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lared with enbhanced granulocyte-macrophage progorEtor
cellz in mice infected with Listeric monocyiog=nes (1) Disary
chickens (1) and exhibits chemopreventive effects in humans
(3L Human consumption of Aphanizomenon flos-agquee has
been reported to produce changes in immune cell trafficking
and enhanced immune surveillance (4). The active compo-
nents for all these effects have not been conclusively estah-
lished.

In the present study we have identified robust macrophage
stmulating activity in the crude extracts of Spiruling pletencic,
Aphanizomencn flos-agquae, and (hiorella pyrencidasa. Our ab-
jective was o isolate and characterize the compound(s) re-
sponsible for this activity. Macophage activation was evaln-
ated using a luciferase reporter gene based bicassay where ln-
ciferase expression is driven by the binding of NF-kappa B
The activation of transcription factor NF-kappa B coordinates
gene expression and regulates many immune and inflamma-
tory responses in activated monocytes/macrophages (51

Materiabs and Methods

Marerialks

Freeze-dried microalgae were purchased from the following
sources: Spiruling platensis (Lot No, B16933, MISS accession
Mo, 63 118) from Triarco Industries, Inc. (Wayne, NJ), distrib-
uted through General Nutrition Carporation; Aphanizomencn
Jios-aguae (Lot No. 0110FA, MISS accession Neo. 63116) from
Cell Tech (Klamath Falls, OR); and, Chloreila pyrenoidesa (Lot
No. VPOSTE, MISS accession No. 63117) from Sun Chiorsila
(Torrance, CAL MISS accession numbers refer to voucher
specimens deposited at the Pullen Herbariom (MISS), Depart-
ment of Biclogy, The University of Mississippi, University MS
32577, Bacterial lipopolysarcharide (E. coli, serotype 026:88)
and polymyxin B were obtained from Sigma Chemical Co. Car-
rington Laboratories Inc. (Irving, TX) provided two different
preparations of acemannan: Aloe vera mucilaginous pelysac-
charide [AVMP, Lot. No. 11586) and Manapol (Lot Na.
116018). Schizophyllan polysaccharide was a gift from Dr. Da-
vid Williame. The palysaccharide lentinan was also a gift from
Dr. Yulkiko Maeda (Lot No. 2LE32) JHS Natural Products (Eu-
gone, OR) gencrously provided the polysaccharide lorestin
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THP-1 human manocytes were obtained from American Type
Culture Collection (Rockville, MD). LucLite™ luciferace report-
er gene assay kit was purchased from Packard {Downers
Grove, IL. NF-kappa B plasmid construct (pBIDIIN) was a
gift from Dr. Riccardo Dalla-Favera that contains two copies of
NF-kappa B motif from HIV/IgK (6). Reverse Transcriptase
(ET}-PCR kits were obtained from Promega (Madison, W1) and
for RMA isolation the TRI Reagent® system was used (Molecu-
lar Research Center, Inc, Cincinnati, OH). RT-PCR primers far
IL-18 TNF-a and GAFDH were purchased from Integrated
DMA Technologies, Inc, {Coralville, IA).

Eglation procedure

Freeze-dried microalgae (35 g Spiruling platensis, 125 g Apha-
nizomenon ffos-oguae and 35 g Chlorells pyrencidosa) were ex-
tracted three times with 70% ethanol at 40°C, 4 hours each
time. Ethanel extracts were cvaporated to dryness and then
sofvent partitioned between water and chloroform (1:1), fol-
lowed by further partiioning of the water layers with n-buta-
nol (water: n-butanol, 63 :37). The water layers from the sec-
ond solvent partition was subjected to alcohol precipitation
(water: methanol : ethanol, 1:2;3) at -80°C for 24 hours. Pre-
cipitatable materials were passed through an ultrafiltration
device with a 100,000 molecular weight cut-off polyethersul-
fone membrane (Centricon Plus-20 from Millipare, Bedford,
MA) The retentates were subsequently washed several times
with 3X K[ (w/v) to remove impurities that adhered {proba-
bly through ionic interaction) to the large maolecular weight
materials,

The high molecular weight retentates were analyzed using
size exciusion chromatograply (SEC) The set-up consisted of
a Model 600E systemn controller, UK6 injector, Model 500 sal-
vent delivery system, Model 401 differential refractometer
and a Model 3396A Hewlett-Packard intcgrator. Analyses
were performed at a flow rate of 1 mlfminute using HPLC
grade water and a Shodex Ohpak KB-805 SEC column
(300 mm length = 8 mm ID) held at 30°C. The high molecular
wieight refentates from each microalgae contained predomi-
nantly one peak that eluted in the void volume: “Immulina®
for Spiruling platensiz, “Immunon” for Aphenizomenion fias-
aguae , and “Immurella® for Chlorella pyrenoidasa . Estimation
of the molecular weight for each peak was achieved by com-
pariscn with retention times for dextran standards (12,000,
0.1 million, 1.66 million and 5-40 million daltons),

Strudtura! characterization

Carbohydrate content of the purified polysaccharides (Immu-
lina, Immunecn and Immurella) were estimated using a colori-
metric assay based on reaction with phenol (5% wiv in water)
and concentrated sulphuric acid. Absorbance was determined
at 430 nm and 490 nm (7). Elemental analyses for carbon, hy-
drogen, nitrogen and sulfur was performed by Galbraith Labo-
ratories, Inc. (Knoxville, TN). Glycosyl compasition and giyco-
syl linkage analyses were performed by The University of
Geargia, Complex Carbolydrate Research Center. The glycosyl
composition was determined using GC-mass speciTometTy
analysis of the TMS-methyl glycesides. In order to identify the
O-metiylated sugars detected during the TMS-methyl ghyco-
side procedure, ghycosyl compasition was also determined us-
ing the alditol acetate procedure (8). Glycosyl linkage analysis

was performed using the Hakomord procedure (9], in combi-
nation with carbaxyl-reduction in order to detect uronic acid
linkages (10),

Mocraphage assay

Macrophage activation was measured using a huciferase re-
porter gene assay in THP-1 human menocytic cells as peevi-
ously described (11). This assay measures immunostimulato-
ry activity as indicated by increased expression of an NF-kap-
p.i.B-dﬂ'ln‘tﬂletl‘i.iE[‘EpOl‘tﬂ' THP-1 cells are mansiently
transfected using DEAE-dextran and the pRID{LUC reporter
plasmid containing two binding sites for NF-kappa B. Activa-
tion is reported as a percentage relative to maximal activation
of NF-kappa B by 10 ugfml LPS.

RT-PCR for IL-18, TNF-t ond GAPDH

Detection of mRNAs for IL-1§ and TNF-¢t was performed as
previously described (11)L In brief, total RNA was isolated
from THP-1 cells using the TRI Reagent® method and RT-PCR
reactions were run using kit reagents from Promega, Se-
quence for the primers were described in Su ef al (12). Total
RNA amounts used in the reactions were not saturating.

Resubts and Discussion

The luciferase reporter gene bioassay for activation of NF-kap-
p2 B in buman THP-1 cells was used to guide purification of
the immunestimulatory polysaccharides. For all thres micro-
algae, the same isolation procedure was used for purification,
A crude extract for each microalgae was prepared by extract-
ing the freeze-dried material with 70% ethanol. Extraction
with 70X ethanol allowed for efficient separation of the active
substance from the bulk of other inartive polysaccharides that
would be isolated if a typical hot water exitaction was em-
ployed (refer to additional details below). Crude extracts at
50pg/ml (Spindina plotensis), 10ug/ml (Aphanizomenon fios-
aguae) and 25pg/ml (Chiorella pyrencidosa) increased NF-
kappa B directed luciferase expression to levels 50% of these
achieved by maximal cancentrations {10 ug/mi) of LPS.

Semi-pure microalgal polysaccharides were obtained by a
combination of solvent partitioning and alcohol precipitation.
Final purification was accomplished by removal of all material
less than 100,000 daltons using an ultrafiloration device [refer
to experimental section). The high molecular weight polysac-
charides were analyzed using size exclusion

and were found to contain one peak: "Immulina” for Spirufing
platensiz, “Immunon” for Aphanizomenon flos-eguae, and “Im-
murella® for Chlorella pyrencidess. These palysaccharides
have retention times between 5.2 and 4 8 minutes (estimated
molecular weight above 10 million daltons) and are very wa-
ter soluble at 10mg/ml. By comparisen, immunostimulant
pelysaccharides such as acemannan and f-glucans are diffi-
cult o dissolve even at low concentrations. Polysaccharides
Immulina and Immurella comprise betwesn 0.5 and 1.0% of
the dry weight of Spirulina platensis and Chiorells pyrenoidosa,
respectively. The percent composition of Immunen is higher
and represents about 2.0% of the dry weight of Aphanizome-

non flos-aquae,
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In addicion to our active polyseccharides, microalgae hat water
exXtracis conrzin substantial amounts of other high molecolar
weight material (size exiusion dwomatography, datz not
shown] Removal of these contaminating substances from our
active polysaccharides could be difficult and time conswming.
Hence, the initial exraction procedure using 70X ethanol pro-
vides an elegant method whereby the active polysaccharides
can be separated from potentially interfering substances that
would be present with the hot water extraction.

Fig.1 presents a dose response for both LPS and the isolated
microalgal polysaccharides. The ECe, (50X of maximal [PS in-
duction] values for NF-kappa B directed luciferase expression
weere a< follows: Immulina at 110 ng/ml, Immunon at 20 ng/
ml lmunurella at 80 ng/ml and LPS at 250 ng/ml To confirm
THP-1 macrophage activalion by purified microalgal polysac-
charides, mRNA levels of proinflammatory cytokines IL-15
and TNF-o were measured using KT-PCR (Fig. 2). Treatmment of
THP-1 c=lls with either LPS or microalgal polysaccharides re-
sulted in 2 dramatic increase in both IL-18 mEMNA (E10 bp)
and TNF-a mRENA (444 bp). as compared with the control This
wias not the case for the mRNA of the housekeeping grne gy
F;;j;?& phosphate dehydrogenase (GAPDH, 1000 bp)

It is possible that the observed NF-kappa B activation by Im-
mulina, Immunon and Immurella was due to endotoxin con-

.
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Fig.1 Dese response for Immuiing polysaccharide, immunon poly-

E Cuvs 1 2 23

Fﬁ.] Micoaical pofyiacchandes Immulina, immunon and immos-

enhance promflammatory cytokine mENA production. ET-PCR
rﬁhﬁrl—!_ﬂﬂﬂkﬂl’—unﬂﬂﬂwnﬂunTﬂ‘vT
cells 3t 2 howrs: (M) PCR marker, control, bacterial LPS 2t 10 pgfmi,
(1) immunon polysaccharide at 0.5 pafmi, (2) immuling polysacchar
ide zt 0.5 pgimi, and (3) immurella polysaccharide at 0.5 pg/mi.

m:imﬁnnfth:;tqmﬁnn.ﬁaﬁusﬂﬂ_pmﬂﬂ:qm

1 gg/mi) to observe whether there was any abrogation in NF-
kippa B activation. Polymyxin B is a polycationic antGbiotic
known to block many of the biclegical effects of LPS by bind-
ing to the lipid A partion of the malecule. All three microaigal
ides were insensitive to polyomyxin B addition {da-
umtshcwmﬁd.dlﬁmafpnlmmnntumtmwnd]mp-
pressed NF-kappa B activation by 75%. The second
ment used to examine possible endotoXin-mediated effects
was to look for the presence of 3f-hydroxymyristate in the
glycosyl composition analysis, In sample preparations of Im-
mulina and mmurella there were no detectable levels of 35
hydresymyristate. Thus, it is unlikely that the observed mac-
rophage activation by Immulina and Imymurella is due to en-
dotoogns.

However, in two different sample preparstions of Immunon,
small amounits of 3-hydrecymyristate (06X of total peak
area) were detected. In order to determine how much “sndo-
toxin-like™ material was present, six samples of Aphemizome-
nen flos-oquae were analyzed using the Limulus amebocyte
Iysate (LAL) assay (analysis performed by BioWhittaker, Wal-
kersville, MD). The amount of LAL pasitive material detected
using this assay represented 0.002% of microalgal dry weight
By comparison, the percent composition of Immunon is about
1000 times greater (20% of microalgal dry weight). This
means that at the concentration required to produce maxi-
mum NF-kappa B activation by Immuneon (100 ng/ml), the to-
tal amount of potential LAL positive material present would
be 100 pg/ml This concentration of endotoedn would not be
detectable using our THP-1 assay system. Thercfore, the stim-
ulatory effect of Immunon on macrophage activation is not
due to endotmdn contamination.

Using a colorimetric assay (7) with phenol-spiphuric acid at
450 nm and 490 nm, the carboltydrate content of each isolat-
ed microslgal polysaccharide was estimated to be between
S0% and 100°% This further supports the view thar these com-
pounds are predominantly polysaccharides. Treatment of Im-
munon and Immulina preparations with either heat (100°C
for 30 minutes) or one of the following enzymes (0.1 mg/mil at
37*C for 1 hour): DNase 1, RNase A, trypsin, proteinase K, pa-
macrephage activation. The activity of Immurella was not in-
fluenced by mast of these enzymes, but it was reduced by
50% with heat treatment and by 25% with proteinase K. This
suggests that although the biological activity of Immunen and
Immulina is not due to nucleic acid or proteins, Immurella
may contain either a protein contaminant or a peptide com-
ponent to its structure that contributes to its activity. Coo-
massie blue baced protein determinations indicate 2 X protsin
for immurella Enough material was available for Immunon
that elemental analysis was also performed and was found o
contain the following clements: 49.1 X carbon, 40.8X axygen,
7.62'% hydrogen, 2,46 X nitrogen and trace amounts of sulfur

polysaccharide s summarized in Tables1 and 1 Due to the
high volatility of terminal residues, esperially deoxyhexoses
and pentoses, reported values for these components in Table 2
may be lower than the actual levels. Based on their glycosyl
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compaositions, glycosyl linkages and molecular weights, all
three microalgal polysaccharides are new compounds that
have not been previously reported, Interestingly, all three poly-
saccharides contain high levels of both methylated carboby-
drate residues and deoxyhexoses (e.g., rhamnose and fucose)
which may explain their extractability with 70% ethanol. Due
to the complex nature of these polysaccharides having a vari-
ety of ghycosyl linkages (refer to Table 2, the anomeric config-
urations for each linkage have not yet been determined.

Meither the chemical structures nor the macrophage stimuolat-
ing activity of our microalgal polysaccharides have been repor-
ted in the sdentific or patent literature. Various other com-
pounds have however been isolated from the microalgae stud-
ied in this paper. From Spiruling and Chlorella species a number
of polysaccharides have been characterized for their antitumer,
antiviral and immunestimulating activity (13) (14} (15) (18}
In contrast, no such compounds have been isolated from Apha-
nizomenon flos-aguae showing any biological activity.

From Chilorella species a number of polysaccharides have been
identified that possess biclogical activity. In US. Patent
4,533 548 an acidic polysaccharide was isolated from Chiorel-
In pyrenoidosa that exhibits antitumeor and antiviral actvity
(131 The glycosyl composition for this polysaccharide was
mestly rhamnose, with minor amounts of galactose, arabi-
nose, glucose and glucuronic acid. This ghycasyl compesition

is distinctly different from Immurella which contains arabi-
nose, galactose and rhamnose as the major components, An-
other polysaccharide, isolated from marine Chiorella minutis-
sima, reported in U5, Patent 4,831,020 appears [o have tumor
growth-inhibiting effects. However, no molecular weight ar
ghycosyl composition was reported (14

From Spirulina species several different types of polysacchar-
ides have been isolated that exhibit biclogical activity. For ex-
ample, the sulfated polysaccharide cakcium spirulan exhibits
antiviral properties and is composed of rthamnose (523 X),
3-O-mettyirhamnase (32.5%), 23-di-0-methylrhamnose (4.4 %),
3-0-methybcyiose (4.8%), trace amounts of other sugars and
sulfate (15). The malecular weight of calcjum spirulan (74,600
daltons) is about 100 times less than Immulina (above 10 mil-
lion daltons).

In US. Fatent 5,585,365 an antiviral polysaccharide was iso-
lated using hot water extraction from Spiruling species with a
molecular weight between 250,000 and 300,000 datlons (16).
This palysaccharide is compased of rhamnase, glucase, fruc-
tose, ribose, galactose, ¥ylose, mannose, ghucuronic acid and
galacturonic acid. Both the glycosyl compesition and molecu-
lar weight of Immulina is different than this polysaccharide.

Pharmaceutical development of Immulina, Immunon and [m-
murella a5 immunostimulants may reveal a significant poten-

Table1 Clycosyi composition for Isolated polysaccharides from Spiuling platensis {(Immulina), Aphenizomenon fies-aquee (Immunon) and Chior-

slia pyrencidosa (Immureila). Data obtained from one sxpeniment

Immuling Polysacchanide Immuncn Immurefla Polysaccharide
Glycoyl Maole % Chyoosyl babs X Ghycosyl Moke X
Residue Rascichise Resddue
Rharmnce 354 Mannose 16.0 Arabinoss 316
Glucuronic adid a7 Glucoss 121 Calactots rics ]
Fucose 137 A lobe- arinaose 12 Rhamnose 12.4
Galactmse 7.1 Rhamnods 103 Glucose 5.4
Z-Mde-Rhaminose 59 2-Mhe-Rhamnase B 3-Me-Arabinoss 30
Hyphose 55 Galactos 0 3-Me-Manncss 15
3-Me-Ehaminose 4.2 Fucose 7.0 Xylose 24
e Kyl o 4.2 N-Acztyl- 4-Me-Arabincse 24
ke Fhamnase 3s galactosamine 70 Mannoss 23
Clisoms 3.5 M- Aty Ribose 1.9
Mamnose 2.4 ORCOSIHTENS 58 2d-di-Me-Arabincss 13
Galacturonic acid 2.0 Hybose 48 I Me-Calactose 12
I Cadactoas 20 2-MbeFi e a 3-Me-Xylose 0
Argbinoge 1.8 I-Me-Calactose 26 3-Me-Rhaminose 08
ATENG g 15 3-Ibe- Argaruss 1.8 3, 5-dide-hexote g
2 5dihd e Fucose 12 Arabincss 1.6 B-Me-Calactoss o7
M-Acety 2.3-dide-Arabinoss 12 Ghycerol s

gharoeamine 0.3 2-keto-3-deoxy-

M- Glucose 0s Ocndotanic acld as
Glycerol 0.4 2.3,6-trikde Mannose o4
3, 6-diMe-Mannose 0.4
2.3-didde-Mannose 0.4
2-Me-Calactoss o4

M- Aretyl-
galactosamineg 03

M-Acetyk
glucosamine 03
ATHNG SUGar o3

Weate: ety grols are fepresented by “Me”.
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Table 2 Chycosyl Bnkage analysis for isolated polysaccharides from Spiruling pletensis (Immulina), Aphanizomenan flos-oquee (Immunon) and

Chiorefia pyrencidasa (immurella). Data obtained from one experirnent

g Imemaunon Irrusels
Chveond = ol Giversyl £ otal Cvyeomd 5 s
g el s ara Limieage a=a
Miha - T-GcA =3 2-Mdan = J-kdan 114 T-Caalactose {f) 122
ACalarre 15 d-Fha + T-blan 106 2-Chucone a2
Ao Cid 3 2-Rhamrose 76 E-Galactase (p) B5
A a-Glooaronic ok 69 T-Rhammoie 15 2. 3-Rhamnose B4
1-Rharnsote 57 3-Rhamoote 69 T-Ghucore L
I-Fuross 51 2-Glucose 53 T-Arsbinose (f) 55
13 Mogmncts s 2-Caimtone it 2-Arsbinase (f) 54
Tyt (3] ' ] TP a7 3 -lalactone = |
A -Calaroes 43 3 4Feose a5 23 6-Calartree &g
Taharmose a2 ERre < ad Tddgn + 3iha = 4itha 37
3 dFursse il I- Ml ad 23-Aratingse () a3
1 aCalacnaronic Acd 14 d-Fuc + T-Lal 413 T-Arabsinate (o) |
2o + 3-hdan 22 T-Kyloae 12 &Cal (i 1]
A-Fucoe 22 unidentfied 7 I-Hexose (f) 14
TFucose 22 T-Fucose 15 I-Galactose 23
3 ARhgmncts 21 A-Mannose 22 2-perto () 21
pr T 15 2-Arabincie (7] 21 &-Clefi A-Malpl[2.5-Acalfy 21
2 3-Mgrnose 14 - aatone 1 T-xylone (o} 1.5
for s 12 23, G-Caluctons 21 4 SCalartons 18
ILalactose 11 3-Caactome 1.4 ALt i3
dbdarnose 10 3.5 A a-Ara(n) [ | 3 4lalartone .7
& Marcss os 2.5-Cascose 12 T-Coslactose () 14
260 + 4.6l as B-Marnuris 13 3-pentoae (f) 13
I Nylose oy 1, 4-Rhamnose 11
- Mylose L6 2-Mannose + 3-Mannose 1.1
3-Arabinose (f) 10
2 6-Clucose 0s
“lar™ for k™ e oy o o ghaceee, “Fux™ far

gty i ghe e WG 2 ams | -dnked ke et ersied D ony JDnevoners rerrter T ok 3
Tl Ireoge, T o s g " G pyranone. Presefcr of tem or Sree ghesod o indicete

R, A" lor salisece, "ol o gelartecr, "GieA” lor ghersranic aod, T lor

Seaio of COmOorenl S stuhr

tial for immunotherapy. These polysaccharides have superior
macrophage stimulatory activity compared with clinically
used polysaccharide preparations. There are three major fun-
gal polysaccharide immunostimulants in dinical use for a va-
riety of human ncers : schizophyllan, lentinan and koestin
(17} These pharmacruticals are used primarily in Japan sither
alone or in comibnnarion with chemotherapy and jor radiother-
apy. Another polysaccharide, acemannan (Carra Vet®, isolated
from Aloe vera), is licensed by the United States Department
of Agriculture for the treatment of fibrosarcoma in dogs and
cats (18). In our macrophage bioassay these four commercial
polysaccharide immunostimulants (schizophyllan, lentinan,
Mnandacmn}matbustmmwnm:slm

fects o8 macrophase functon (18), (19), (20). Successful de-
velopment of these microalgal polysaccharides would add to
the arsenal of available agents for immunotherapy in the
treatment of cancer and infectious diseases.
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