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AB!XRACT Astaxanthfn, a carotenold without vita- 
min A activity, enhances T-dependent antigen (Ag)- 
spccfflc humoral immune responses. We examined ca- 
rotcnold actIons on T-helper (Th) cell actlvlty in a direct 
manner with reconstltutlon experiments; spleen Th 
cells were replaced with Ag-specific Type 1 and Type 
2 (ThI and Th2) Th cell clones. The Ag for the Thl 
and 7712 clones were pigeon cytochrome C and rabbit 
y-globulin, respectively. Astaxanthin and &carotene 
augmented the number of IgM antibody (Ab)-secreting 
cells when unprimed B cells were incubated with Th 
clones and stimulated with suboptimal doses of Ag 
spcclRc for each Th clone. The number. of IgG Ab-se- 
creffng cells were greater with use of in vivo primed B 
cells than with unprlmed B cells in both Th clones. 
Astaxanthin but not &carotene augmented the number 
of IgG Absecretfng cells when primed B cells and Th 
cell clones were stimulated wlth suboptimal doses of 
Ag spccifk for each Th done. In the preswoe&optlmal 
doses of Ag for each Th done, neither carotenoid aug 
mcnted the number of Ab-sccretlng cells. Astaxanthin 
and &carotene may enhance the actions of both Thl 
and Th2 cells for humoral immune responses with sub- 
optimal Ag challenges; certain carottnoids may help 
maintq!n Ag-mediated immune responses at optimal 
levels. J. ffutr. 125: 2483-2492, 1995. 
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Carotenoids, colored pigments widely distributed 
in vegetables, fruits and seafood, are implicated in the 
prevention of degenerative diseases including coronary 
heart disease and cancer (Gerster 1993, Morris et al. 
1994, Van Poppel 1993). Numerous but not all epi- 
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demiolagical studies have suggested a protective effect 
of carotenoids against degenerative diseases (Blot et 
al. 1993, Li et al., 1993, Morris et al, 1994, The Alpha- 
Tocopheroi, Beta-Carotene Cancer Prevention Study 
Group 1994, Van Pop@ 1993). Several biochemical 
activities of carotenoids are consistent with a putative 
role for carotenoids in disease prevention. These in- 
clude provitamin A activity, antioxidant activir;/, en- 
hancement of gap-junctional communications (Han- 
ush et al. 1995, Zhang et al. 19921, immunomoduiation 
(Bendich 199 l] and augmentation of tumor immunity 
(Chew et al. 1995, Tomita et al. 1987). To better un- 
derstand the role of dietary carotenoids, it is important 
to define mechanisms of their biological and phar- 
macological actions, including carotenoids with and 
without provitamin A activity. 

Ascaxanthin, a carotenoid without vitamin A activ- . . 
ity, modulates T-dependent antibody (AbJ4 responses 
in rodent models (Jyonouchi et al. 199 1, Jyonouchi et 
al. 1993, Jyonouchi et al. 19941. Our recent studies 
demonstrate that astaxanthin modulates T-dependent 
humoral immune responses in humans (Jyonouchi et 
al. 1995). Carotenoids may facilitate Ab responses by 
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modulating T-helper (Th) ceil functions (Jyonouchi et 
at. 1993, Jyonouchi et al. 1994). In these studies, spleen 
cell suspensions and relatively crude antigens {Ag] such 
as sheep red blood cells (SRBC) were used. To further 
analyze carotenoid action on T-dependent Ab re- 
spouses, it is essentiai to examine carotenoid action 
on Type 1 and Type 2 rhl and Th2) Th cell subsets 
(Swain et al. 199 1) and primary (dominantly IgM Ab 
response) and secondary (dominantly IgG Ab response) 
immune responses against purified protein Ag. How- 
ever, such a study is extremely difficult using spleen 
cell suspensions because of the paucity of Ag-specific 
Th cell and 3 cells: < 1 of 10,000 Th cells respond to 
a primly Ag challenge (Miller 1991). 

In this study we studied carotenoid action on T- 
dependent Ab responses in a more direct manner, us- 
ing Th cell clones. Namely, Th cells in spleen cell sus- 
pensions were replaced with Th clones, and Ab re- 
sponses against Ag specific for each Th clone was as- 
sessed using primed or unprimed B cells. In this way. 
the frequency of Ag-specific Th cells is markedly in- 
creased; this permits the quantification of carotenoid 
action on Th cell-mediated Ab responses with each Th 
clone and primed and unprimed B cells in response to 
various doses of Ag. &Carotene and astaxanthin were 
used as representatives of carotenoids with and with- 
out vitamin A activity respectively. 

MATERIALS AND METHODS 

Mice. B10 and DAB/2 femaIe mice (5-6 wk old) 
were purchased from Jackson Laboratories, Bar Har- 
bor, ME and maintained in the animai’faeility at the 
University of Minnesota, Minneapolis, MN. The mice 
were generally housed in groups of five mice per cage 
and fed a nonpurified diets (Purina Lab Chows ~50 10, 
Purina Mills, Richmond, IN). The carotene content of 
this diet provides approximately 4.5 times the daily 
requirement of vitamin A for mice (Subcommittee on 
Laboratory Nutrition 1978). The mice were killed in 
a CO2 chamber as approved by the Laboratory Animal 
Medicine Ethics Committee, University of Minnesota, 
Minneapohs, MN. Two to 4-mo-old mice were used 
in the experiments. 

Cell szwpexwions. Spleen cell suspensions were 
prepared by crushing the spleen between two sterile 
glass slides and suspending cells in RPM1 1640 with 
50 mL/L calf serum (CSJ. Debris was removed by pass- 
ing cell suspensions through coarse filters. CD4’ Th 
cells were depleted by treating cells with monoclonal 
rat anti-mouse L3T4 Ab (specific for murine CD4) and 
guinea pig complement [Pel-Freeze, Rogers, AR). More 

’ Dicta-y composition of a nonpurified diet (Purina Lab Chow 
*5008, Purina Mills1 is as follows: protein 23.5 g/lOOg, fat 6.5 g/ 
IOOg, fiber 3.8 g/lOOg and ash 6.8 g/iOOg, with gross energy of 
17.44 q/g. 

than 98% of Th cells were removed after this proce- 
dure by flow cytometry. 

Rcagerrts. #-Carotene (Sigma, St. Louis, MO) and 
astuanthin (kindly provided by Hoffman-La Roche, 
Basel, Switzerland) wire dissolved into 5 mL of an 
ethanol/hexane mixture (49 parts of absoiute ethanol 
and 1 part of hexane) and filtered with 0.45pm filter 
(Millex-AI’, Milipore, Bedford, MA). The concentra- 
tion was measured spectrophotometrically on the day 
of each experiment; concentrations of the stock so- 
lution were usually - lo’* to 10” mol/L. The pre- 
pared stock solutions were further diluted by culture 
media containing 100 mL/L of fetal calf serum or calf 
serum The amount of htiane-ethanol mixture used 
for preparing carotenoid stock solution did not inter- 
fere with the bioassays employed in this study. The 
solubility of carotenoids in the same medium used for 
this study were tested using higher concentrations of 
carotenoids (10” to 10d mol/L) because of the limited 
sensitivity of HPLC methodology. With this concen- 
tration, > 80% of astaxanthin and SO% of @-carotene 
were solubilized and stable in the medium for several 
days i.n 5% COz at 37°C. When spleen cells were in- 
cubated at higher concentrations [10m6 mol/L), 3-4% 
of astaxanthin or &carotene was detected in cell pel- 
lets. 

Maintenance of Th1 and TELL clones. kE7 cells 
(Thl clone) were kindiy provided by Marc K. Jenkins, 
Department of Microbiology, University of Minnesota 
and maintained in our laboratory. A.E7 cells were 
stimulated periodically {every 2-3 wk) with Ag (pigeon 
cytochrome C; 3 pm&L, Sigma) and irradiated BlO 
spIeen cells in Dnlbecco’s modified Eagle medium 
supplemented with FCS (100 n&/L], penicillin G (1.0’ 
U/L), streptomycin (100 mg/LJ and 2-mercaptoethanol 
jlO-5 mol/L) (Weaver et al. 1988). CDC3.S cells (Th2 
clone) were kindly provided by David C. Parker, De- 
partment of Molecular Genetics and Microbiology, 
University of Massachusetts, Worcester, MA, and 
maintained in our laboratory with stimulation by Ag 
(rabbit -y-globulin; 25-50 mg/L, Sigma) and irradiated 
DBA/2 spleen cells every 2 wk in the same medium 
used for the kE7 cells (Tony et al. 1985). 

In vivo&-b ziming. The Ag were given two times 
subcutaneously 2-3 wk apart; pigeon cytochrome C 
(25 pmol/L in the mixture of 1 part of PBS and 1 part 
of Freund’s complete adjuvant; 0.5 ml/dose to El0 
mice) and rabbit y-globulin (SO mg/L in the mixture 
of 1 part PBS and 1 part Freund’s complete adjuvant; 
0.S ml/dose to DBA/Z mice]. Then another booster 
dose of Ag (the same dose) was given intraperitonea&’ 
5-7 d before the experiment (Bradley et al. 1993). 

ELISA for IgG aud IgM. The Ig concentrations in 
the culture supematant were detected by an enzyme- 
linked immunosorbent assay (ELISA). A 96well ELISA 
plate (F96 Maxisorp, Nunc, Naperville, IL) was coated 
with goat anti-mouse Ig (S mg/L/ overnight in 0.1 mall 
L NaHCOJ, pH 9.6 with 0.1 g/L NaNj (coating buffer). 
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After washing the plate with rinse buffer [PBS; p& 7.4 
with 0.5 n&/L Twecn ZO), samples were diluted with 
diIution buffer (0.05 moI/L Tris, pH 8.1 with MgClt 
[I mmo l/L], NaCl lo.15 moI/L), NaNJ (0.2 g/L), and  . 
bovine semm albumin (BSA; 10  g/L, Sigma)\ alid in- 
cubated at room temperature for 2  h. Then the plate 
was was&cd with rinse buffer and  incubated, with the 
second Ab (goat ant i-mouse IgG or IgM-alkaline 
phosphatase conjugate, 1: 1000 to I:3000 dilution, 
Sigma] at room temperature for 2  h. The  color devel- 
oped by adding substrate solution (p-nitophenyl phos- 
phate 1  g/L, Sigma]. 

ELISPOT ashy for IgM axxd IgG antibody-se- 
creting c&s. Numbers of Ag-secreting cells were 
measured by enzyme-l inked immunospot (ELISPOT) 
assay {Czerkinsky et al. 1983, Sedgwick and Holt 
1983). Cloned Thl and  Th2  cells were incubated with 
Th  cell-depleted syngeneic spleen cells; A.E7 cells (2 
X IO* cells/L) and  Th  cell-depleted B 10  spleen cells 
(1.25 X lo9 cells/L) or CDC35 cells (2.5 X,10’ cells/L) 
and  Th  &e&depleted DBA/2 spleen cells (2 X 10’ cells/ 
*LJ. Cells were incubated for 5  d  in the same med ium 
;Ised for ma intaining the Th  clones in a  24-well tissue 
culture plate (Costar, Cambridge, MA). Then the cells 
were harvested, counted and resus‘peuded in Iscove’s 
mod ified Dulbecco’s med igrm supplemented with fetal 
calf serum (50 mL/Lj, penicillin G  (10’ U/L], strep- 
tomycin (100 mg/LJ and glutamine (2 mrnol/L/. The  
harvested tells (100 crL/wellj were in&bated overnight 
at 37°C in a  5% CO1 incubator in a  96-weli m icrotiter 
plate (Costar] coated with Ag (pigeon cytochrome C; 
5  mmo l/L or rabbit y-globulin; 50  mg/Lj and  prein- 
cubated with a  blocking buffer (PBS, pH 7.4 with 10  
g/L BSA} for 30  m in at 37°C. The  cells were removed 
by vigorous washing next day and goat ami-mousr~gG 
or IgM antibody&k&e phosphatase conjugate (1: 
1000 in dilution buffer used for ELISA; LOO pL/well) 
was added to the well. The  plate was incubated over- 
night at 4°C and washed again. A spot df Ab secreted 
by cells were detected by adding gel substrate solution 

-,(5-bromo-dchloro-3-indolyl phosphate (75 mg/t), and  
nitroblue tetrazolium chloride (1 SO mg/L1 in 50  mmo i/ 

l’ L  NaHCO,, pH 9.8 with Mgd lz (5 n&&/L) and aga; 
(5 g/L!, 100  rL/wellj and  incubating the plate at 37°C 
for 4-5 h. Triplicates for each sample were tested and 
expressed as mean  number  of triplicates per 106viable 
cells based on  the cell count after S-d culture. Ceil 
viability dedines when cells are cuItured > 6  d  in this 
experimental system. 

Expaimenti design. Experiment I. Carotenoid 
action on  Ab production was measured in experiments 
using unpr imed B cells, various doses of Ag and cloned 
Tb  cells. Th  cell-depleted spleen cells plus ThI (A.E7] 
or Th2  (CDC35) clones were stimulated with Ag [pi- 
geon cytocbrome C for Thl cell; 0.063-4 gmo i/L, rab- 
bit y-globulin for T&2 cells; 0.625-20 mg/L] in culture 
supplemented with I] med ium alone (control), 2) as- 
taxanthin ( 10WB mo l/L), or 3) p-carotene ( 10W8 mo l/L). 

F ive d  later, cells were harvested and numbers of Ab- 
secreting cells were measured by an  Ag-specific ELIS- 
POT assay. The  Ig levtis in the supematant were mea-  
sured by ELISA. Spleen cells were obtained from un- 
pr imed syngeneic m ice; BLO m ice for A.E7 cells and  
DBA/2 m ice for CDC35 cells. A summary of the ex- 
perimental design is shown in Pigure 1. A total of five 
replicate experiments were done for each Th  cell clone. 
In preliminary experiments, various concentrations of 
carotenoids (10-l’ to 10” mo l/L) were tested with the 
use of 0.5-l rnmol/L p igeon cytochrome C or S-20 
mg/L rabbit y-globulin as Ag stimuli. The  most potent 
enhancing action of carotenoids were observed at ca- 
rotenoid concentration of 1O’8 mo l/L, consistent with t 
our previous reports (Jyonouchi et al. 199  1, Jyonouchi 
et al. 1993, Jyonoucbi et al. 1994). Thus this concen- 
tration was used for these experiments. 

Experiment 2. Carotenoids action on  Ab produc- 
tion was tested with the use of pr imed B cells and  the 
same experimental system as described in Experiment 
1  (Fig. 11. Nameiy, Thl (A.E7 cells) and  Th2  (CDC3.5 
cells] cell clones were stimulated with the same doses 
of Ag as in Experiment 1. The  culture was supple- 
mented with 2) med ium alone (control), 2) astaxanthii 
( 1O’8 mo l/L) or 3) &carotene (IO’” mo l/L). Spleen cells 
were obtained from sy-ngeneic m ice (BlO for AE7 cells 
and  DBA/2 for CDC35 cells] that were pr imed in vivo 
with Ag specific for each Th  clone. The  carotenoid 
concentration ( 10e8 mo l/L) was selected on  the basis 
of preliminary experiments; when various concentra- 
tions of carotenoids (lO”” to 10” moI/L) were tested, 
this concentration of astaxanthin was most potent in i 
enhancing the numbers of IgG Ab-secreting cells, con- t 
sistent with our previous reports (Jyonouchi et al. . 
1991, Jyonouchi et al. 1993, Jyohouchi et al. 1994). A ! 
total of five replicate experiments were done for each t 
Th  clone. 

5  
i 

EXPERIMENTAL DESIGN (Exp. 1) i 

Thl (k.E7) or Th2 (‘3X35) cells plus Th celIdcplctcd spleen cells’ 

; 0  

Incubated for 5  +ys in the prcscncc ol: 

. Antigen: pigeon cytochrome C for AE7 cclk 

rabbit y-giobuiin for CDC3S cells 

Carotcnoid: astaxanti or p-carotene (lOJ m0llL) 
. 

l 

u  

i. 
. AIRIIV (4.b).5ecrctinP ccllz (ELISPOT assay) I 

. @mun&bul in (Ia\ lcvel~ @LISA) 

FKXlRE 1  Schematic illustration of experimental design 
of Experiment 1. 
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Szkztiptics. Numbers of Ab-secreting cells in ca- 
rotenoid-supplemented cultures were compared with 
those in controi cultures without carotcnoid supple- 
mentation at each concentration of Ag in each Th 
done. This analysis was done in numbers of both IgM 
and IgG Ab-secreting cells. Numbers of IgG Ab-se- 
creting cells without carotenoid supplementation were 
compared with the use of unprimed vs. primed B cells 
at each concentration of Ag in both Th clones. Either 
Student’s t test or Welch’s test [Snedecor and Co&ran 
1971) were used to analyze the data on the basis of 
the results of I: test (Snedecor and Co&ran 1971); Stu- 
dent’s t test if F > 0.05 and Welch’s test if F < 0.05. 
Differences were considered to be significant when P 
< 0.05. 

RESULTS 

Czrotenoid action on T-dependent Ab’ re- 
sponses witi cloned Th c&Is and anprimed B 
c&k Experiment 1.. T-dependent Ab responses in 
cultures with Th cell clones were assessed by mea- 
surement of Ab-secreting cell numbers. TotaI Ig con- 
centrations in the supematant were measured to assess 
nonspecific Ig production secondary to polyclonal B 
cell activation. The results of five replicate experi- 
ments-for each Th cell clone are as follows:’ 

Numbers of IgM Ab-secreting cetis. Astaxanthin 
augmented the number of IgM Ab-secreting cells in 
cultures with Th clones and suboptimal doses of Ag 
[cytochrome C; 0.5 pmol/L (P < 0.05 vs. control, Fig. 
24) and rabbit y-globulin; 5 mg/L (P < 0.0 1 vs. contro1, 
Pig. 3A)). @-Carotene also enhanced the number of IgM 
Ab-secreting celis & cultures with suboptimat doses 
of Ag [cgtocbrome C; 0.25 and 0.5 pmol/L, (P < 0.05 
vs. control, Fig. 2B) and rabbit y-glob&n; 5 mg/L (P 
K 0.05 vs. control, Fig. 3B)). Neither carotenoid in- 
creased numbers of Ab secreting cell in the presence 
of optimai doses of Ag (cytocbromc Cj 2-4 rmoi/L, 
rabbit r-globulin; lo-20 mg/L). In the absence of Th 
ceLI clones, numbers of both IgM and IgG Ab-secreting 
cells were negligible [data not shown]. 

Numbers of IgG Ab-secreting cells. IgG Ab-secret- 
ing cells did not increase SignificantIy in response to 
Ag stimuli specific for each Th clone as compared with 
those generated in the absence of Ag stimuli; unprimed 
B cells predominantly produce IgM Ab when exposed 
to neoantigen. 

Ig concentrations in the culture supernutunt. Total 
IgM and IgG concentrations in culture supematants 
were not significantly increased by stimulation with 
Ag stimuli compared with unstimulated control cul- 
tures, irrespective of carotenoid supplementation, the 
Th clone type or doses of Ag (data not shown). 

Guotenoid a&on on T-dependent Ab re- 
sponses with cloned Th cells and primed B 

Thl clone and unprimed B celb 
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1 t I I 
O.bl 0.1 1 

Pigeon eytochromc C [ ~moi/L] 

Thl done and unprimed B cells 

IgMELISPOT 
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I : E-Chroteoe 
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0.0 1 0.1 1 
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JXm 2 Numbers of IgM Ab-secreting cehs in re- 
sponse to various doses of pigeon cytochrome C. Thl cell 
clones and Th-cell depleted B10 spleen cells were cultured 
for 5 d, and numbers of Ab-secreting cells were dctecttd by 
ELISPOT assay. SpIeen cells were obtained from untreated 
B 10 mice, depleted of Th cells and used as the source of Ag- 
presenting cells and unprimed B cells. The cells were cultured 
with astaxanthin ( 1Omb mol/L) {AA) or B-carotene (BJ. Controls 
were cultured without carotenoid supplementation. Each 
data point represents mean IC SEM (n = SJ. * significantly 
higher than control vaiucs, P < 0.05. 
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TM clone and unprimed B ccIIs: - 

IgM ELISPOT 

I&i ELLSPOT 
* I! 

f 390 

100 

cc11s 
B 0 : Control 

I : O-Carotene 

C&3 

A 0 : Control 
A : Astaxnnthin 

0.1 1 10 

Rabbit y-globulin [ mg/Li 

IliZ clone and unprimed B ceils 

L 

, , t 
0.1 1 10 

Rabbit y-globulin [ mg/L] 

R%oRE 3 Numbers of IgM Ab-secreting cells in re- . _ _ ._ . . 
spouse to various doses of rabbit y-globulin. Th2 cell clones 
and Th-cell depleted DBA/2 spleen cells were cultured for 
S d, and numbers of Ab-secreting cells were detected by 
ELISPOT assay. Spleen cells were obtained from untreated 
DBAf2 mice and used as the source of Ag-presenting ceils 
and unprimed B cells. The cells were cultured with astax- 
anthin (IO-’ mol/L) [A] or &carotene {Bj. Control cells were 
cultured without supplementation of carotenoids. Each data 
point represents mean f SEM (n = 5). * significantly higher 
than control values, P < 0.01 for astaxanthin and P < 0.05 
for B-carotene. 

cc.&. Experiment 2. ‘karotenoid action was assessed 
in the same way as described for Experiment 1 (Fig. 
11, except for the use of primed spleen cells. The results 
of five replicate experiments arc as follows: 

Numbers of 1gM Ab-secreting cells. Astaxanthin 
augmented the number of IgM Ab-secreting cells, with 
the use of suboptimal doses of Ag [pigeon cytochrome 
Ci 0.5 and 1 gmoi/L, (P < 0.05 VS. control, Pig. 4AJ, 
and rabbit y-globulin; 5 mg/L, (P c 0.05 vs. control, 
Fig. !X)]. &Carotene did not augment numbers of TgM 
Ab-secreting cells when primed B cells were studied 
{Figs. 43 and 33). Numbers of IgM Ab-secreting cells 
in control culture without Ag stimulation were higher 
when primed B ce.Us were used compared with those 
with unprimed B cells [P < 0.05 for both Thl and Th2 
cell clones); this may reflect the higher numbers of 
preexisting Ab-secreting cells in spleen in response to 
in viva Ag challenge given to mice before the experi- 
ment. In the absence of Th clones, numbers of IgM 
and IgG Ab-secreting cells were < 1/ 10s cells even with 
the use of primed B cells (data not shown). 

Numbers &f 1gG Ab-secreting ceUs. Numbers of 
IgG Ab-secreting cells were higher with the use of 
primed B cells as compared with those with unprimed 
B cells in Ag-stimulated cultures with both Th cell 
clones (P < 0.05 at OS-4 -01 of pigeon cytochrome 
C and at 2.5-20 mgfL rabbit y-globulin). This is partly 
due to the fact that primed B ceils predominantlypro- 
duce IgG Ab: Astaxanthin augmented the numbers of 
IgG Ab-secreting cells in cultures with primed B ceils, 
Th clones and suboptimal doses of Ag [pigeon cyto- 
chrome C; 0.5 rmol/L, P < 0.02 and 1 PmolJL, P < 0.05 
vs. controls (Pig. 6A) and rabbit y-globulin; 2.5 mg/L 
and 5 mg/L, P < 0.05 vs. controls (Pig. 7A)]. Neither’ 
carotenoid augmented IgG Ab production with opti- 
mal doses of Ag [pigeon cytochrome C; 2-4 gmoI/L 
(Fig. 61, rabbit y-globulin lo-20 mg/L (Fig. 7)]. &Car- 
otene did not augment the number of IgG Ab-secreting 
cells with the use of primed B cells, irrespective of 
type of the Th clone and doses of Ag (Figs. 63 and 7BJ. 

Ig concentrations in the culture supernatants. 
Total IgG and IgM concentrations in the culture SU- 
pernatants were not altered by carotenoid supplemen- 
tation (data not shown). 

DISCUSSION 

This study demonstrates that astaxaothin enhances 
cloned Thl and Th2 cell actions on Ab responses 
{measured as the number of Ab-secreting cehs) in re- 
constitution experiments in which murine spleen cells 
were depleted of Th cells and reptaced with cloned Th 
ceils. This enhancing action was demonstrated with 
suboptimal but not optimal Ag challenges. These re- 
sults are the first direct, quantitative demonstration 
of carotenoid effects on Ab responses of Thl and Th2 
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.ETGmzE I Numbers of IgM Ab-secreting ceils in.re- 
sponse to various doses of pigeon cytochrome C. Thl cell 
clones and Th-ceil depleted B 10 spleen cells were cultured 
for 5 d, and numbers of Ab-secreting cells were detected by 
ELISPOT assay. Spleen cells were obtained from in viva 
primed B10 mice and used as the source of Ag-presenting 
cells and unprimed B cells. The celis were cultured with as- 
ta.xarXhin (lo-* mol/L) (A) or &carotene [B). Control cells 
were cultured without carotenoid supplementation. Each 
data point represents mean c SEM (n = 5). * significantly 
bigher than control values, P c 0.05. 
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EICURG 5 Numbers of IgM Ab-secreting ceils in re- 
sponse to various doses of rabbit y-globulin. Th2 ceil clones 
and Tb-cell depleted DBA/2 spleen cells were cuitured for 
5 d and numbers of Ab-secreting cells were detected by 
ELISPOT assay. Spleen cetls were obtained from in viva 
primed DBA/2 mice and used as the source of Ag-presenting 
cells and unprimed B cells. The cells were cultured with as- 
taxanthin [lo-* mol/L) {A) or p-carotene (B). Control cek 
were cultured without carotenoid supplementation. Each 
data point represents mean r SEM (n = 51. * significantly 
higher than control values, P e 0.05. 
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ETGURX 6  Numbers of IgG Ab-secreting cells in re- 
sponse to various doses of p igeon cytochxomt C in the same 
experiment described in F igure 4. Each data point represents 
meant  SM (n = 5). * significantly higher than control vaues, 
P -z 0.02 (pigeon cytochromc C; 0.5 gmo l/LJ and P < 0.05 
{pigeon cytochrome C; 1  pmo l/L]. The  cells were cultured 
with asraxanchin @A) and &carotene (Bj. 

cells. The  experimental system used in this study may 
have several advantages over the previous experimen- 
tal systems as follows: I] use of purified protein Ag 

with lim ited epitopcs, 21  much higher frequency of 
Ag-specific Th  cells and  3) use of pr imed and unpr imed 
B cells. 

Previously, we showed that astaxanthin enhances 
humoral  immune responses by murine spleen cells 
(Jyonouchi et al. 1991, Jyonouchi et al. 1994). In these 
studies, SRBC, a  crude Ag with mu ltiple epitopes, was 
a  source of Ag stimuli [Mend et al. 1991 j. Responses 
to SRBC were against mu ltiple epitopes and influenced 
by cross-reactivity between SRBC and murine red 
blood cells (Mend et al. 1991). To  assess carptenoid 
action on  Th  cell responses to Ag stimuli, a  better 
mode l may be  to use purified protein Ag with lim ited 
numbers of epitopes than to emp loy crude Ag. 

The  frequency of Th  cells reactive to specific Ag is 
very low in unpr imed animals (Miller 1991); this 
makes it extremely difficult to analyze carotenoid ac- 
tion on  Ag-specific Th  cells in a  direct manner.  To  
overcome this problem, our study uses Th  cell clones; 
c loned Th  cells are expanded from a  single cell pr imed 
with purified protein Ag and are in the stage of eff ector 
Th  cells (Croft 19941,  By replacing Th  cells in the 
spleen cell suspension with Th  clones, the frequency 
of Ag-specific Th  cells is greatly increased, and this 
man ipulation permits the evaluation of carotenoid ac- 
tions on  each Th  cell subset. In this study, carotenoid 
action was examined using both unprirned and pr imed 
B cells; al though unpr imed B cells predominantly pro- 
duce IgM Ab, pr imed B cells produce more IgG Ab. 
In this way we are able to examine carotenoid action 
on  both IgM and IgG Ab responses. In summary we 
adapted the assay system as shown in F igure 1  using 
Th  clones. This in vivo assay permits the quantification 
of carotenoid action on  IgM vs. IgG Ab responses 
against purified protein Ag specific for each Th  clone. 

The  astaxanthin‘concentration used in this study 
was lo-* mo l/L. In the cultures of murine Th  clones 
and B cells, this concentration appears to be  most po- 
tent, consistent with our previous observations (Jyo- 
nouchi et al. 1991, jyonouchi et al. 1993, Jyonouchi 
et al, 1994). In human cells total IgM and IgG Ab re- 
sponses to T-dependent  stimuli are higher at 10” to 
10qg mo l/L astaxanthin (Jyonouchi et al. 1995). Ca- 
rotenoid antioxidant activity and  enhancement  of gap- 
junctional communicat ion have been found at higher 
concentrations [> 10e6 mo l/L) (Gerster 1993, Hanusch 
et al. 1995, Van Poppel 1993, Zhang et al. 1992). In 
our preliminary experiments astaxanthin did not pro- 
tect hyperoxic injury at a  concentration of LO-’ mo l/L 
when both an  epithelial cell line and spleen cells were 
used as indicator cells (Jyonouchi, H., Sun, S., and  
Inbgar, D., unpubl ished observation). Because astax- 
anthin has negiigibIe vitamin A activity in mamma ls 
and astaxanthm concentrations used in our study are 
too low for its antioxidant activity, astaxanthin’s ac- 
tion on  Th  cell-mediated Ab responses may result from 
mechanisms not yet described. W e  are now carefully 
examining carotenoid action on  each Th  clone in re- 
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RGDRE 7 Numbers of IgG Ab-secreting cells in re- 
sponse to various doses of rabbit y-globulin in the same cx- 
periment described in Figure 5. Each data point represents 
mca.n +. SEM (n = 51. * signifiuntly higher than control values, 
P c 0.005 (rabbit y-globulin; 2.5 mg/Lj and P c 0.05 (rabbit 
y-globulin; 5 mg/L). The cells were cultured with xstaxanthin 
kA) and &carotene (8). 

gard to cytokine production and cell surface molecuIe 
expression. 

Th cells, especially naive Th cells, are diffkult to 
activate with suboptimal doses of Ag (Liu and Janeway 

- . 

199 I). At the initial stage of pathogen invasion, doses 
of Ag challenges may be suboptimal. to elicit effective 
itnmunc responses. However, nonspecific stimulants 
may modulate processes of Ag presentation and en- 
hance Th cell activation. These stimulants include by- 
products of inflammatory reactions such as double 
stranded RNA and endotoxins (Janeway 1992, Liu and 
Janeway 199 1). This may also be true for astaxanthin’s 
action on Th cells; astaxanthin could potent&e or fa- 
cilitate Ag-specific *immune responses with suboptimal 
Ag challenges before serious, potentially hazardous 
inflammatory reactions occur. 

Murine Th cells consist of at least two subsets based 
on the patterns of cytokine secretion (Swain et al. 
199 11. Thl cells produce interferon-r and inter1eulci.n 
(IL)-2 and are more involved in cellular, phagocytic 
cell-mediated, proinflammatory immune responses. 
Although Th2 cells produce IL-$, IL-S, IL-lo, IL-l 3 
and are more dominant in humoral immune responses 
and down regulate proinflammatory responses (Fior- 
entiono et al. 1991, Swain et al. 1991, Zurawski and 
de Vrics 1994). This is consistent with other’s reports 
that Thl cells have less helper activity for Ab produc- 
tion than Th2 cells (Swain et al. 199 I). Most infectious 
pathogens induce mixed Thl and Th2 responses. Usu- 
ally, Thl responses are dominant in the initia1 stage 
of infection. Th2 responses follow Thl responses and 
are more Ag-specific and down regulate inflammatory 
responses (Biron 1994). The induction of Thl andTh2 
responses are largely dependent on the local microen- 
vironment including cytokine concentrations (Paul 
and Seder 1994). In this study we found that astax- 
anthin and &carotene enhanced Th functions exhib- 
ited by both Thl and Th2 cell clones. Astaxanthin’s 
actions were demonstrated for both primary (IgM) and 
secondary (IgG) immune responses. Therefore, our re- 
sults suggest that astaxanthin, a naturally present ca- 
rotenoid, could modulate Thl and Th2 responses. 

It is also noteworthy that although we detected 
greater numbers of Ab-secreting cells in the carotenoid 
supplemented cultures compared with control cul- 
tures, totai EgM and IgG concentrations in the culture 
supernatants were not altered by carotenoids. The 
short period of culture (5 d] employed in our experi- 
mental system does not permit B cells in the culture 
to secrete large amounts of Ab in response to Ag stim- 
uli; it usually requires > 7-10 days for Ag-specific B 
cells to produce enough Ab to be detected as an in- 
crease in total Ig levels in the culture supematants. 
The amount of a specific Ab produced against Ag 
stimuli may be only a fraction of the total Xg produced 
in the culture and thus the total IgG and IgM concen- 
trations are not sensitive enough to reflect changes in 
Ab production. The ELISPOT assay is generaily more 
sensitive than detection of the total amounts of Ab 
secreted (Sedgwick and Holt 19831. We did not find 
significant increases in total ~g concentrations when 
murine spleen cells were primed with SRBC for 5 d in 
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the carotenoid-supplemented CdNres (Jyonouchi .‘et 
al. 1993). It is possible to detect increases in total I@4 
concentrations within 5 d in culNres including a non- 
specific, polyclonaI stimulant such as lipopolysaccha- 
ride. We used total Ig concentrations as markers, for 
polyclonal B cell activation, and we did not detect any 
significant increase. Thus it may be concluded that 
carotenoids augment T’h clone-mediated Ab responses 
but do not cause polyclonal B cell activation even in 
the presence of activated Th clones; this makes it un- 
Iikely that carotenoid-immunomodulating action in- 
duces autoimmune phenomena mediated by poly- 
clonal B ceil activation. 

The enhancement of humoral immune responses 
with astaxambin occurs with both unprimed and 
primed B cells. Astaxanthin may be effective in pro- 
moting secondary immune responses against patho- 
gens and transformed cells. Secondary immune re- 
sponses decline in senior citizens (> 65 y) in parallel 
to loss of memory T cells (Thoman and Weigle 1989). 
This may be associated, with increased frequency of 

, infections, cancer and autoimmunity in senior citi- 
zens. Astaxanthin’s enhancing action on secondary 
immune responses may have a potential role in older 
individuals, partially restoring specific.Ab responses. 

In summary we have established a sensitive assay 
system for carotenoid action on T-dependent Ab re- 
sponses and have shown astaxanthin and @-carotene’s 
enhancihg actions on Th cell clone-mediated Ab re- 
sponses with suboptimal Ag challenges in a quanti- 
tative, direct manner. This experimental system may 
be useful for further elucidarion of carotenoid biolog- 
ical actions and mechanisms of action. 
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