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Immunomodulating Actions of Carotenoids:
Enhancement of In Vivo and In Vitro Antibody
Production to T-Dependent Antigens

Harumi Jyonouchi, Lei Zhang, Myron Gross, and Yoshifumi Tomita

Abstract

Previously, we demonstrated an enhancement of in vitro antibody ( Ab) production in response
to T-dependent antigens (TD-Ag) by astaxanthin, a carotenoid without vitamin A activity. The
effects of B-carotene, a carotenoid with vitamin A activity, and lutein, another carotenoid without
vitamin A activity, on in vitro Ab production were examined with spleen cells from young and
old B6 mice. In addition, the in vivo effects of lutein, astaxanthin, and B-carotene on Ab production
were studied in young and old B6 mice.

Lutein, but not B-carotene, enhanced in vitro Ab production in response to TD-Ags. The
depletion of T-helper cells prevented the enhancement of Ab production by lutein and astaxanthin.
In vivo 4b production in response to TD-Ag was significantly enhanced by lutein, astaxanthin,
and B-carotene. The numbers of immunoglobulin M- and G-secreting cells also increased in vivo
with the administration of these carotenoids when mice were primed with TD-Ags. Antibody
production in response to TD-Ags in vivo and in vitro was significantly lower in old than in
young B6 mice. Astaxanthin supplements partially restored decreased in vivo Ab production in
response to TD-Ags in old B6 mice. Lutein and B-carotene also enhanced in vivo Ab production
in response to TD-Ags in old B6 mice, although to a lesser extent than did astaxanthin. However,
none of the carotenoids had an effect on in vivo or in vitro Ab production in response to
T-independent antigen.

These results indicate significant immunomodulating actions of carotenoids for humoral immune
responses to TD-Ags and suggest that carotenoid supplementation may be beneficial in restoring
humoral immune responses in older animals.

( Nutr Cancer 21, 47-58, 1994 )

Introduction

Carotenoids demonstrate significant immunomodulating actions and suppress tumorigene-
sis (1-4). Because certain carotenoids can act as precursors of vitamin A (provitamin A
carotenoids) and numerous studies have demonstrated various immunomodulating activities
for retinoids, the conversion of carotenoids to retinoids may be a significant factor in this
activity (5,6). However, in subjects with adequate vitamin A intake, other properties of
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carotenoids may be important for their immunomodulating activities: antioxidant and singlet
oxygen-quenching activities and possibly other unknown activities (4). In fact, significant
immunomodulating activities are demonstrated by carotenoids without vitamin A activity:
canthaxanthin increases mitogen responses and cytokine production in vivo (7,8). We showed
previously that astaxanthin, a carotenoid without provitamin A activity, enhanced in vitro
antibody (Ab) production in response to a T-dependent antigen (TD-Ag) in normal B6 mice
(9). Our studies also demonstrated that astaxanthin enhances Ab responses by exerting actions
in the initial stages of antigen (Ag) priming. This action appears to be exerted partly through
T-helper cells and does not facilitate polyclonal B-cell activation in autoimmune-prone NZB
and MRL mice (10).

This study examined the effects of carotenoids with and without provitamin A activity on
humoral immune responses in vivo and in vitro. Because humoral immune responses are known
to decline with age, the effects of carotenoids were tested in young and old B6 mice. The
results showed that at least two carotenoids, without provitamin A activity, enhanced in vivo
and in vitro Ab production. Moreover, these carotenoids partially restored decreased humoral
immune responses in old B6 mice.

Materials and Methods

Mice

C57B/6] (B6) mice were purchased from Jackson Laboratories (Bar Harbor, ME) and
maintained in the animal facility at the University of Minnesota (Minneapolis, MN). They
were housed in groups of five mice per cage and fed a nonpurified diet (Purina Lab Chows
5010, Purina Mills, Richmond, IN) containing 23.5% protein, 5.8% fiber, 7.3% ash, 4.5 ppm
carotene, and 17.79 kJ/g total digestible nutrients. The carotene content of this diet provides
approximately 4.5 times the requirement of vitamin A for mice (11). The mice were killed in
a CO, chamber, as approved by the Laboratory Animal Medicine Ethics Committee at the
University of Minnesota. Unless otherwise stated, young female mice (2-3 mos old) were used
in the experiments. Old mice employed in this study were all retired female breeders (>11 mos
old, Jackson Laboratory).

Cell Suspensions

Single cell suspensions were prepared by crushing the spleen between two sterile glass slides
and suspending cells in RPMI 1640 with 50 ml1 calf serum (CS). Debris was removed by
passing cell suspensions through coarse filters. CD4+ T-helper cells were depleted by treating
cells with monoclonal rat anti-mouse L3T4 Ab specific for murine CD4 molecule (12,13) and
complement (C') (Pel-Freeze, Rogers, AR). Namely, spleen cells were incubated with
anti-L3T4 Ab for 30 minutes on ice, washed well with phosphate-buffered saline (PBS),
incubated with C’' (1:10) at 37°C for 45 minutes, and then washed with PBS. Less than 1%
of CD4- T cells were present after this procedure.

In Vitro Ab Production Assay by Plaque Formation

Spleen cell suspensions were washed twice in PBS with CS (50 ml1) and resuspended in a
medium [RPMI 1640, CS (100 ml), 2-mercaptoethanol (2-ME) (10-6 mol/1), 105 U/ penicillin
G, 100 mg/1 streptomycin, and 25 mmol/l N-2-hydroxypiperazine- N'-2-ethanesulfonic acid].
Cells were Ag primed in a 7% CO, incubator at 37°C for five days (9). Sheep red blood cells
(SRBC, 0.5 ml/; Colorado Serum, Denver, CO) and Keyhole limpet hemocyanin modified
with trinitrophenol (TNP-KLH, 50 mg/l), as described previously (10), were used as
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representatives of TD-Ag, and lipopolysaccharide modified with trintrophenol (TNP-LPS, 2
mg/l; Sigma Chemical, St. Louis, MO) was used as a representative of T-independent antigen
(TI-Ag) ( 14). Cells were harvested, resuspended in complete Hanks’ balanced salt solution
(HBSS), and subjected for plaque formation cell (PFC) assay as described previously (9).
Namely, 50 pl of SRBC and 100 pl of harvested spleen cells were added quickly to tubes
containing 0.5 ml of preheated agar solution [S g/ of agar (Sigma Chemical) in HBSS], mixed
well, and plated on microscope slides. The slides with solidified agar-cell mixtures were
immersed in SRBC-preabsorbed guinea pig complement solution (Pel-Freeze). After incuba-
tion at 37°C for three to four hours, the plaques that developed were counted under a dissecting
microscope. When cells were primed with SRBC, SRBC in HBSS (300400 ml of packed
SRBC/) were used for the PFC assay. When cells were primed with TNP-LPS or TNP-KLH,
TNP-modified SRBC in HBSS (400 mi of packed SRBC/1) were used. TNP-modified SRBC
were prepared as described previously (10). The numbers of PFC were expressed per 106 viable
cells. Dilutions of these carotenoids were prepared with culture media during the experiment.
All carotenoids and control ethanol were added at Day 0 of the culture of Ag priming, which
was found to be most effective in the previous study (10). The organic solvent [ethanol (0.1
ml/)] employed in this study did not alter the results of the in vitro bioassay used in this study,
as reported elsewhere (9,10).

Enzyme-Linked Immunosorbent Assay for Immunoglobulins G and M

Immunoglobulin (Ig) levels in the culture supernatant were detected by a solid-phase
enzyme-linked immunosorbent assay (ELISA) (15). A 96-well flat-bottomed microtiter plate
(F96 Maxisorp, Nunc, Naperville, IL) was coated with goat anti-mouse Ig (5 mg/l) overnight
in 0.1 mol/1 of NaHCO; coating buffer, pH 9.6, with 0.2 g/l of NaN;. After the plate was
washed with rinse buffer (PBS, pH 7.4, 0.5 ml/l Tween 20), samples were diluted with buffer
[0.05 M tris(hydroxymethyl)aminomethane (pH 8.1), 1 mmol/1 of MgCl,, 0.15 mol/l of NaCl,
0.5 ml/1 of Tween 20, 0.2 g/l of NaNj, and 10 g/ of bovine serum albumin (BSA)] and incubated
at room temperature for two hours. Then the plate was washed with rinse buffer and incubated
with a second Ab (goat anti-mouse IgG or IgM-alkaline phosphatase conjugate, 1:1,000
dilution, Sigma Chemical) at room temperature for two hours. The color was developed by
adding substrate solution (p-nitrophenyl phosphate, 5 mg/tablet, 1 tabletS ml, Sigma
Chemical). Optical density at 410 nm was read by an ELISA reader (Titertek Multiskan
MCC/340, Titertek, Pittsburgh, PA).

In Vivo Ab Production Assay

Each B6 mouse was primed by an intraperitoneal injection of Ag (0.5 ml) and sacrificed
five to six days after the Ag challenge. Spleen cells obtained as described above were analyzed
by the PFC assay in the presence of SRBC or TNP-modified SRBC. The amount of SRBC
(10 ml/, 0.5 mi/mouse), TNP-KLH (200 pug/mouse), and TNP-LPS (10 pg/mouse) was based
on previous studies (16). PFC numbers were determined by employing triplicate spleen cell
samples from each mouse and expressed as number of PFC per 10¢ viable cells or per spleen
(means + SE). Just before use, carotenoids were diluted with RPMI 1640 supplemented with
100 ml/1 of CS to be 10-6 mol/! and 0.5 ml per mouse was given (5 x 10-19 mol/mouse). An
amount of ethanol similar to that used for dissolving carotenoids (0.5 ml of 10 ml/] ethanol
in RPMI 1640 with 100 ml/1 CS) was given intraperitoneally to control B6 mice. They were
subjected for PFC assay five to six days later. These controls produced numbers of PFC
comparable to those produced by B6 mice primed with Ag and receiving no other injections.
When mice were not primed with Ag, plaque formation was not detectable.
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Enzyme-Linked Immunospot Assay for IgM- and IgG-Secreting Cells

Spleen cells were adjusted to 10 cells/l in Iscove’s modified Dulbecco medium supple-
mented with S ml/l of fetal CS, 105 U/ of penicillin G, 100 mg/l of streptomycin, and 2
mmol/l of glutamine. The cells (100 plwell) were incubated overnight at 37°C in a 5%
CO, incubator in a flat-bottomed 96-well microtiter plate (Costar, Cambridge, MA) coated
with goat anti-mouse Ig (5 mg/l) and preincubated with a blocking buffer (PBS, pH 7.4
with 10 g/ of BSA) for 30 minutes at 37°C (100 ulwell). On the next day, cells were
removed by vigorous washing, and goat anti-IgG or IgM antibody-alkaline phosphatase
conjugate (1:1,000 in dilution buffer used for ELISA; 100 pl/well) was added to the well.
The plate was incubated overnight at 4°C and washed to remove unbound antibody.
Bound antibody was detected by adding gel substrate solution (75 mg/1 of 5-bromo-4-
chloro-3-indolyl phosphate and 150 mg/1 of nitroblue tetrazolium chloride in 50 mmol/l of
NaHCO;, pH 9.8, with 5 mmol/ of MgCl, and 5 g/l of agar, 100 pl/well) and incubating
the plate at 37°C for four hours (17,18). Each spot was considered to correspond to a cell
secreting IgM or IgG. The numbers of IgM- and IgG-secreting cells were determined
separately and expressed as means + SE per spleen. Triplicate samples from each mouse
were used.

Reagents

KLH (Boehringer Mannheim, Indianapolis, IN) was modified in our laboratory as reported
previously (10). Crystalline forms of astaxanthin and B-carotene were kindly provided by
Hoffmann-LaRoche (Nutley, NJ). Lutein was solubilized in our laboratory, as reported
elsewhere (19), and its purity (>97%) was determined as described previously (20). Stock
solutions (10~ mol/l) of astaxanthin and B-carotene in absolute ethanol were prepared on the
day of each experiment and kept in the dark, and the concentration was determined by
spectrophotometer (20). Crystalline forms of carotenoids were removed before the concen-
tration was determined by passing the stock solution through the filter (0.22 um, Milipore,
Bedford, MA) before the concentration was measured.

Statistics

Statistical analyses were performed with Student’s r test or Welch’s test based on the results
of the F test; p < 0.05 was considered to be significant.

Results

Effects of Various Carotenoids on In Vitro Ab Production in Old and Young B6 Mice

The effects of astaxanthin, lutein, and B-carotene on in vitro Ab production in response to
SRBC were tested with spleen cells from young and old B6 mice (Table 1). The concentration
of carotenoids (10-% mol/1) used in these experiments was optimal for astaxanthin in this assay
9).

Astaxanthin enhanced PFC formation in young B6 mice, as reported previously (9,10).
Lutein supplements resulted in a statistically significant enhancement of in vitro Ab
production. B-Carotene did not show significant enhancing actions. Spleen cells from old B6
mice produced significantly less PFC in response to SRBC than those from young B6 mice.
The addition of lutein and astaxanthin enhanced PFC formation, although it was not as high
as that observed in young B6 mice (Table 1). When TNP-KLH, another TD-Ag, was used
to prime the spleen cells, similar results were obtained (data not shown). Total IgM and IgG
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f’ﬁﬁe 1. Effects of Various Carotenoids on In Vitro Ig and Ab Production in
Response to SRBC in Young and Old B6 Micea®

In Vitro Ab Production Assay

n Control Astaxanthin Lutein f-Carotene

PFC/10° cells

Young 6 132 £ 25 377 + 55* 239 t 30t 125+ 26

Old 6 23+5 89 t 23t 64 + 18+ 34+8
IgM, mg/

Young 5 229.8 + 48.3 206.3 + 409 94.7 £ 33.6 200.8 £ 29.3
1gG, mg/l

Young 5 98.5 + 16.0 85.0 + 14.1 97.6 £ 29.8 124.8 + 31.7

"4 Invitro antibody (Ab) production in response to sheep red blood cells (SRBC) was assessed by plaque cell
formation (PFC) assay in each mouse, and results are expressed as no. of PFC/10° viable ceils (means
1 SE). Immunoglobulin (Ig) levels in culture supernatant are expressed as mg/l (means + SE). Data represent
a summary of 6 experiments; n, no. of mice. Young B6é mice were 2-3 mos old and old B6 mice were H-12
mos old. Final concentration of carotenoids in culture medium was 10-8 mol/l.

b. Statistical significance is as follows: * p < 0.005 compared with control (Student’s ¢ test); t, p < 0.05
compared with control (Student’s ¢ test).

production were not altered by these carotenoids in young and old mice, consistent with our
previous findings (10).

Dose Response of Lutein to In Vitro Ab Production

We determined PFC numbers produced by SRBC-primed spleen cells from young and old
B6 mice in the presence of various doses of lutein in young and old B6 mice. The results of
five experiments are summarized in Figure 1. Lutein exerted its maximal action at 10-8 mol/l.
The dose response for lutein was similar to that previously observed for astaxanthin (9). In
old B6 mice, lutein also enhanced in vitro Ab production by their spleen cells at 10~% mol/l.
p-Carotene did not appear to exert significant enhancing actions on in vitro Ab production
at 10-7-10-% mol/ (data not shown).

= Young B6 mice
0 = 0ld B6 mice

LTS e

3
ooy

b

e/

Figure 1. Changes of plaque formation
cell (PFC) numbers in presence of lutein j
(10°-107 molA) in young and old B6 mice 100 =
when spleen cells were primed with sheep
red blood cells in vitro. Values are results
of 5 experiments; 1 young B6 mouse and
1 old B6 mouse were used in each experi- -~ 1077 1078 177
ment.

[

Lutein fmei/L]
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Effects of T-Helper Cell Depletion From Spleen Cells

We examined the effects of astaxanthin and lutein on T-helper cell-depleted spleen cell
suspensions. Spleen cells from young B6 mice were depleted of T-helper cells. Then cells were
primed with SRBC in the astaxanthin- or lutein- (10-8 mol/l) supplemented medium. PFC
numbers were compared with those of control untreated spleen cells. The results are shown
in Figure 2. We obtained similar results in two additional experiments. Neither astaxanthin
nor lutein exerted any enhancing action on PFC formation in the absence of T-helper cells.
This is consistent with our previous observation that the removal of T cells abolished the
enhancing action of astaxanthin on in vitro Ab production against SRBC (10).

Effects of Carotenoids on Specific Ab Production In Vivo

We initially tested the effects of astaxanthin, B-carotene, and lutein on in vive Ab
production in young B6 mice. The amount of carotenoids (10-¢ mol/, 0.5 ml/mouse 1p) was
chosen on the basis of the results obtained in our previous in vitro experiments. Young Bé
mice were primed with SRBC (10 ml/l in PBS, 0.5 ml/mouse), and carotenoids were given
intraperitoneally one hour before the Ag priming. Five days later, the mice were killed, and
spleen cells were analyzed by PFC assay. The results of three experiments are summarized
in Figure 3. Spleen weights and cell numbers were not significantly different between controls
and carotenoid-injected mice. Mice given astaxanthin produced significantly higher numbers
of PFC (p < 0.001) than controls. Lutein and B-carotene also enhanced in vitro Ab production
(to SRBC) significantly (p < 0.05) compared with controls (Figure 3). These carotenoids
exerted similar enhancing actions on TNP-KLH, another TD-Ag, in two experiments (data
not shown). Young B6 mice were also primed with TNP-LPS, a TI-Ag (Table 2). We
observed no enhancing action of the carotenoids on in vivo Ab production in response to
TNP-LPS. These carotenoids moderately suppressed PFC formation against TNP-LPS
(Table 2).

Effects of Carotenoids on Numbers of IgM- and IgG-Secreting Cells In Vivo

We also tested the effects of astaxanthin, lutein, and B-carotene on total numbers of
Ig-secreting cells in vivo. Namely, young B6 mice were primed with SRBC for five days in
vivo, then spleen cells were harvested, and ELISPOT assay was used to detect nonspecific

™ = Control zpleen cells
S @™ = T-helper cell depleted spleen cells

PF(;/]OG viabile . eiig

s Figure 2. Murine spleen cells from 2
young B6 mice were primed with sheep red
blood cells (SRBC) in vitro in presence of

z
é 7 medium only, astaxanthin (10-8 mol), or
o A L tutein (102 mol/1). Spleen cells were either
SRBC SRBC SRBC unseparated or depleted of T-belper cells.
+ + Results are from 1 representative experi-
Astaxanthin Lutein ment.
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Figure 3. Effects of carotenoids on specific antibody production to SRBC in vive. Each young B6 mouse (8 wk old)
was given carotenoids (10~® mol/l. 0.5 ml/mouse ip) on day of antigen priming, and after 5 days spleen cells were
subjected to PFC assay. Control mice were given same amount of ethanol to dissolve carotenoids (10 ml/1, 0.5
mi/mouse). PFC numbers are expressed per 10 spleen cells (A) or per spieen (B). Numbers of IgM- (C) and IgG-
(D) secreting cells in spleen are expressed per spleen. ELISPOT, enzyme-linked immunospot. Results are from 3
experiments; 8-12 young B6 mice were used in each experiment. Astaxanthin, lutein, and B-carotene significantly
enhanced PFC formation compared with controls: astaxanthin, p < 0.001; lutein and B-carotene, p < 0.05. Increase
of IgM-secreting cells by astaxanthin, lutein, and B-carotene compared with controls was significant (p < 0.001) (C),
and so was increase of IgG-secreting cells by these carotenoids (p < 0.005) (D).
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Table 2. Effects of Carotenoids on In Vivo Ab/Ig Production in Response to
TNP-LPS and TI-Ag+~

In Vivo Ab and Ig Production Assay

Control Astaxanthin Lutein B-Carotene
PFC 77% 11 43+0.38* 56109 4.0+ 0.8*
IgM ELISPOT 80107 90zx16 62107 64113
IgG ELISPOT 23104 4.7+ 09* 5.1+1.0* 42109

a. B6 mice were primed with trinitrophenol-lipopolysaccharide (TNP-LPS, 15 pg/mouse ip), and after S days
spleen cells were obtained and subjected to PFC and enzyme-linked immunospot (ELISPOT) assay. The
same amounts of carotenoids (10~ moll, 0.5 mlmouse) were given 1 hr before challenge with
T-independent antigen (T1-Ag). Control mice were given same amount of ethanol to dissolve carotenoids.
Results are a summary of 2 experiments; in each experiment, 12 mice (3/group) were employed.

b: Values are means + SE x 10%spleen obtained in 6 mice in each group.

c¢: Statistical significance is as follows: *, significantly lower or higher than control (p < 0.05).

IgM- and IgG-secreting cells. Carotenoids were given on the day of Ag priming (carotenoids:
10-6 mol/l, 0.5 ml/mouse ip). Control mice were given organic solvent to dissolve carotenoids
(10 ml/ of ethanol, 0.5 ml/mouse). The results of three experiments are also summarized in
Figure 3. The numbers of IgM-secreting cells detected by ELISPOT assay increased
significantly when mice were given astaxanthin and lutein (p < 0.001). However, the effect of
astaxanthin appeared to be greater than that of lutein (p < 0.01). B-Carotene also increased
the numbers of IgM-secreting cells as significantly as did astaxanthin in vivo (p < 0.001). All
these carotenoids increased the numbers of IgG-secreting cells significantly compared with
the controls (p < 0.005). The effects on the numbers of IgG-secreting cells were not statistically
different among the carotenoids tested.

We also examined the changes in the numbers of IgM- and IgG-secreting cells by these
carotenoids when mice were primed with TNP-LPS, because carotenoids seemed to
moderately suppress in vitro PFC formation potentiated by TNP-LPS (Table 2). Carote-
noids did not significantly alter the numbers of IgM-secreting cells in vivo in response to
TNP-LPS but appeared to increase the numbers of IgG-secreting cells. When the same
amount of LPS, a nonspecific B-cell activator, was given intraperitoneally to B6 mice,
almost no PFC was detected in the spleen, but the numbers of IgM-secreting cells
increased significantly (data not shown). This may reflect a nonspecific action of LPS as
a polyclonal B-cell activator. This action of LPS was not affected by the supplementation
of these carotenoids in vivo.

Effects of Carotenoids on Old B6 Mice In Vivo

Old B6 mice were primed with SRBC in vivo, and astaxanthin, B-carotene, and lutein (10~
mol/l, 0.5 ml/mouse ip) were given one hour before the Ag priming (Table 3). Spleen cells
from old mice formed less PFC than those from young B6 mice. This is consistent with the
results obtained in our in vitro studies presented here. The administration of astaxanthin,
lutein, and B-carotene at the time of Ag priming partially restored the Ab production in old
B6 mice in vivo. The numbers of IgM- and IgG-secreting cells detected by the ELISPOT assay
appeared to increase as well, in parallel to the increase of PFC numbers in response to SRBC.
These carotenoids also partially restored the responses to TNP-KLH, another TD-Ag, in old
B6 mice (data not shown).
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[ Table 3. Effects of Carotenoids on In Vivo Ab/Ig Production in Response to SRBC
in Old B6 Micea<

In Vivo Ab/Ig Production Assay

Control Astaxanthin Lutein B-Carotene
PFC 0.9 + 0.1 2.6 £0.5% 1.9+ 0.2¢ 1.7+ 0.2¢
(1.7£0.5) 85125 42117 4717

1gM ELISPOT 08t 0.1 1.4+0.18 1.0+ 0.1 09+0.1
(1.0+0.2) (2.8+0.5) (1.8 £04) (221+0.3)
1gG ELISPOT 0.20 £ 0.02 0.52 + 0.05* 0.37 £ 0.05¢ 0.29 £ 0.04
(1.0+£0.2) 23103 (1.9 +£0.3) (1.110.2)
a: Old (11- to 12-mo-old) B6 mice were primed with SRBC (10 mi1 in PBS, 0.5 ml/mouse) and given

carotenoids (107 mol/l, 0.5 mlI/mouse) | hr before Ag challenge.

b: Values are means + SE x 10%/spleen of 4 mice/group. Values in parentheses are aggregate data from young
B6 mice (9-10/group), and some of these data are shown in Fig. 3.

c: Statistical significance is as follows: *, significantly higher than controls (p < 0.05); 1, significantly higher
than controls (p < 0.005); 1, significantly higher than controls (p < 0.02); §, significantly higher than controls

(P <0.01).

Discussion

Our previous studies and those of others demonstrate that carotenoids without provitamin
A activity exert significant immunomodulating actions (1,2,7-10,21). We showed that
astaxanthin, a carotenoid without provitamin A activity, significantly enhances in vitro Ab
production in response to TD-Ag, perhaps by exerting its effects during the initial stages of
Ag presentation (9,10). This study was undertaken to further address the actions of carotenoids
without provitamin A activity on humoral immune responses in young and old mice in vivo
and in vitro. We employed carotenoids commonly found in American and Japanese diets.
Shellfish are rich in astaxanthin, and green vegetables are rich in lutein (22). B-Carotene,
which is widely distributed in yellow-green vegetables, was also employed as a representative
of carotenoids with provitamin A activity.

The results demonstrate that astaxanthin and lutein enhance in vitro Ab production in
response to TD-Ag, but not TI-Ag. The dose response of lutein was similar to that previously
obtained for astaxanthin (9): it was most effective at approximately 10-8 mol/1. Considering
the fact that plasma levels of carotenoids in humans are around 10-¢ mol/ (19), this relatively
low optimal concentration may be due to the availability of added carotenoids. Most
carotenoids in human plasma are bound to lipoprotein; the concentration of free carotenoids
that are responsible for their immunomodulating actions may be much lower (23). Similar
concentrations of carotenoids are optimal in the other tissue culture system (24). Higher
amounts of astaxanthin through intraperitoneal injection were also found to be ineffective in
enhancing tumor immunity (Y. Tomita et al., personal communication).

We also examined the actions of lutein, astaxanthin, and B-carotene on Ab production in
vivo. A significant increase of PFC numbers is observed with the administration of lutein and
astaxanthin in mice challenged with TD-Ag (SRBC and TNP-KLH). B-Carotene, which does
not demonstrate consistent enhancing action on in vitro Ab production, significantly enhanced
Ab production in response to TD-Ag in vivo. The number of IgM- and IgG-secreting cells
also appeared to increase in parallel to the increase in number of PFC. It may be concluded
that carotenoids can significantly enhance Ab production in response to TD-Ag in vivo and
in vitro in mice. This activity may be due to their antioxidant and singlet oxygen-quenching
properties (4,25-29). The more prominent enhancing action of B-carotene on specific Ab
production in response to TD-Ag in vivo may also be related to its provitamin A activity, but
this requires further investigation.

Vol. 21, No. 1 : 55




In this study we have shown that 1) lutein increases Ab production in response to TD-Ag
in vivo and in vitro; 2) astaxanthin and lutein require the presence of T-helper cells in vitro to
exert their enhancing actions, which may indicate a selective action on T-helper cells; 3) these
carotenoids did not augment Ab production in response to a TI-Ag but rather suppressed it;
their action on humoral immune responses may be selective and dependent on the type of
Ag; and 4) these carotenoids did not significantly increase total IgM or IgG concentrations
in the culture supernatant. These results point to the importance of further pursuing
delineation of carotenoids’ actions on T-helper cells and antigen-presenting cells. We are now
studying their actions on cloned Ag-specific type ! and type 2 T-helper cells (30).

In our previous in vitro studies, carotenoids did not facilitate polyclonal B-cell activation
in autoimmune-prone NZB and MRL mice or in response to LPS, a nonspecific B-cell
activator (14). In this study, the in vivo Ab production in response to TNP-LPS, a TI-Ag, is
suppressed by intraperitoneal administration of carotenoids. TNP-LPS is a carbohydrate
antigen and may retain its ability as an endotoxin. It may induce nonspecific polyclonal B-cell
activation, resulting in the production of low-affinity polyclonal IgM Ab (31). Thus, a part
of the PFC formed by the challenge of TNP-LPS in vivo may result from polyclonal B-cell
activation, but not from specific Ab responses. The carotenoids may suppress nonspecific
polyclonal B-cell activation by TNP-LPS. The fact that most of the Ig-secreting cells from
mice primed with TNP-LPS produced IgM may support this speculation. None of the
carotenoids tested significantly decreased the numbers of IgM-secreting B cells. However,
carotenoids did tend to increase the numbers of IgG-secreting cells in response to TNP-LPS.
This indicates that these carotenoids may exert actions on isotype switching to facilitate the
production of high-affinity specific IgG antibodies.

In aged individuals, decreases in specific Ab responses are commonly seen and have been
attributed to the immunodysregulation associated with aging, most likely secondary to
decreased T-helper cell functions (32,33). This may be one of the reasons for an increase in
incidence of autoimmunity and malignancy in aged individuals (32,33). In this study, we found
a significant reduction in the ability to produce specific Ab against TD-Ag in vivo and in vitro
in old, compared with young, mice. The administration of astaxanthin, lutein, and B-carotene
in vivo partially restores their ability to produce specific Ab against TD-Ag. It may thus be
speculated that dietary carotenoids can help restore specific Ab responses in older humans,
perhaps through affecting T-helper cells.

Our finding that astaxanthin consistently and significantly enhances specific Ab production
in vitro and in vivo is also of interest, because we previously reported the augmentation of
tumor immunity by astaxanthin (21). Furthermore we observed previously that astaxanthin
significantly delays the development of autoimmunity in autoimmune-prone MRL/pr/lpr mice
(34). This autoimmunity is thought to result from abnormal T cells (35). It may be speculated
that dietary carotenoids could reduce the chance of developing autoimmunity and malignan-
cies by enhancing T-helper functions and promoting specific Ab responses. It would be
interesting to examine the relationship between the incidence of autormmunity and malignancy
and the consumption of a diet rich in carotenoids in the general population.
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