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Abstract The interaction of CD28 and its ligands (CD80, CD86) on antigen presenting cells and that of TCR/CD3-
MHC are required for T lymphocyte activation. To determine whether impaired lymphocyte proliferation associated
with iron deficiency is due to reduced expression of these ligands, spleen cells obtained from eight to nine C57BL/6
mice/group of iron deficient (ID), iron replete (R), control (C), pair-fed (PF), and high iron (HI) mice were labeled with
anti-CD80-fluorescein isothiocyante (FITC) and anti-CD86-FITC. Diets differed only in iron concentration: 5, 50, and
125 mg/kg for the ID, C, and HI, respectively. Mean levels of hemoglobin and liver iron stores of ID and Rmice were less
than 50% those of C mice (P< 0.005). In non-activated and concanavalin A-treated cultures, significant differences were
observed among groups in the percentage of CD80þ cells: ID>R>C¼ PF¼HI (P< 0.05). The same trend was
observed for CD86þ cells (P> 0.05). Fluorescence intensity (FI) of either marker did not significantly change by iron
status. In vitro iron chelation by deferoxamine (20, 200 mg/ml) for 1, 2, and 24 h increased FI of both markers on
unactivated B and T cells (P< 0.05). However, it had no effect on FI of either marker of mitogen-treated cells presumably
because the maximum levels are achieved by the mitogen. Lymphocyte proliferative responses to mitogens positively
and significantly correlated with CD80 and CD86 FI (r¼ 0.41�0.59) but negatively correlated with the percentages of
CD80þ cells (r¼�0.48) (P< 0.05). Data suggest that impaired lymphocyte proliferation associated with iron deficiency
is not due to reduced CD80 and CD86 expression. J. Cell. Biochem. 86: 571–582, 2002. � 2002 Wiley-Liss, Inc.
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T lymphocytes require two signals before
they can be activated, secrete cytokines, and
proliferate. The first signal, signal one, is deli-
vered through the T cell receptor (TCR)/CD3
complex binding with the antigen-major histo-
compatibility complex on antigen-presenting

cells (APC), and the second signal through
several costimulatory molecules (intercellular
adhesionmolecule-1, LFA-3, vascular cell adhe-
sion molecule-1, heat stable antigen, B7-1, and
B7-2) onAPC [June etal., 1994;Das et al., 1995].
Of all these co-stimulatory molecules, the B7
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family has been shown to be required for TH1
(T helper 1) cell activation, cytokine secretion,
and T cell clonal expansion.

B7-1 (CD80) and B7-2 (CD86) are expressed
on several APC cells including B cells, mono-
cytes, interferon-gamma activated monocytes,
dendritic cells, eosinophils, natural killer cells,
keratinocytes, and Langherans cells [Guinan
et al., 1994]. At least in the mouse, these recep-
tors are also expressed on activated lympho-
cytes [Hathcock et al., 1994; Das et al., 1995].
CD80 and CD86 have two counter receptors on
T cells:CD28andCTLA-4 [Freemanet al., 1993;
June et al., 1994]. Although the interaction of
CD28 and its ligands is required for optimal T
cell activation and subsequent proliferation,
the contribution of CD80 and CD86 mole-
cules toward lymphocyte mitogenic response is
not identical [Perrin et al., 1997]. In murine
lymph node cells, it has been shown that the
addition of both anti-B7-1 Fab and anti-B7-2
Fab to the culture medium completely sup-
pressed the proliferative response to concana-
valin (Con) A [Perrin et al., 1997]. In contrast,
while anti-B7-2 Fab partially inhibited this
response, anti-B7-1 Fab had no effect.

We and other investigators have previously
observed impaired lymphocyte proliferation,
cytokine secretion, and several other in vivo
and in vitro immune responses in iron defi-
cient laboratory animals and human subjects
[reviewed by Brock, 1992; Kemp, 1993; Kuvi-
bidila et al., 1993]. Impaired lymphocyte pro-
liferation associated with iron deficiency is
not limited to lymphocytes treated with T cell
mitogens, but is also observed in antigen and
lipopolysaccharide-treated cultures [Kuvibidila
et al., 1983; Kemahli et al., 1988]. The mechan-
isms of impaired lymphocyte proliferation asso-
ciated with iron deficiency are multifactorial.
They include, though are unlikely limited to,
reduced activity of iron-dependent enzymes,
specifically ribonucleotide reductase, impaired
protein kinase C activation, a defect in the hy-
drolysis of cell membrane phospholipids, and
reduced secretion of interleukin-2 [Furukawa
et al., 1992; Galan et al., 1992; Kuvibidila et al.,
1992, 1998, 1999; Alcantara et al., 1994]. In a
recent study, we observed that the expression
of CD28 molecules on thymocytes was redu-
ced by in vivo iron deficiency and in vitro iron
chelation by deferoxamine [Kuvibidila and
Porretta, 2001]. Not only was the percentage
of CD28þ reduced, but so were CD28 relative

levels measured by fluorescence intensity of
anti-CD28-phycoerythrin. Considering the ef-
fects of iron deficiency on CD28 expression, we
hypothesize that iron deficiency may also alter
or reduce the expression of CD80 and CD86.
Such an effect has not been previously investi-
gated in either laboratory animals or humans.
The aim of this study was twofold: (a) to deter-
mine whether iron regulates the expression
(relative levels measured by fluorescence in-
tensity) of either CD80, CD86, or both co-sti-
mulatory molecules in mitogen-treated and
untreated murine splenic lymphocytes and
(b) whether professional APC such as B cells
and non-professional APC (T) cells are equally
affected by iron levels.

MATERIALS AND METHODS

Materials

Reagents were received from the following
sources: Sigma (St. Louis, MO): concanavalin
A (Con A), deferoxamine B mesylate (DFO, also
called desferrioxamine mesylate), Drabkin’s
reagents, hemoglobin standard, iron assay kits;
GIBCO (Grand Island, NY): RPMI-1640 with
25 mmol/L HEPES, penicillin/streptomycin,
fetal calf serum (FCS); Harlan Teklad (Madison,
WI): the iron deficient test diet and the deficient
diet supplemented with iron; New England
Nuclear (NEN) company (Boston MA): 3H-
thymidine (6.7 Ci/mmol); ICN (Costa Mesa,
CA): Cytoscint; PharMingen (Costa Mesa, CA):
anti-CD80 conjugated with fluorescein isothi-
ocyanate (anti-CD80-FITC), anti-CD86-FITC
antibodies, anti-CD3 conjugated with phycoer-
ythrin (PE), anti-CD19-PE.

Experimental Design and Mice Feeding

C57BL/6 female mice (n¼ 41), 21–23 days of
age were purchased from Charles River breed-
ing laboratories (Wilmington, MA). Upon re-
ceipt, they were put on adjustment period for 7
days duringwhich they received the control diet
that contained50mg (0.895mmol) of iron per kg
diet in the form of ferrous sulfate and sterile
deionized water. Following the adjustment
period, mice were randomly assigned to the
following dietary treatment groups: control (C,
n¼ 8), iron deficient (ID, n¼ 16), pair-fed (PF,
n¼ 8), and high iron (HI, n¼ 9). Iron deficiency
was induced by feeding mice a diet that
contained only 5 mg (0.0895 mmol) of iron per
kilogram. The C and PF groups received the
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same diet except that it was supplemented with
50 mg of iron per kilogram (0.895 mmol/kg).
Moderate iron overload was induced by feeding
a diet that contained 125 mg (2.238 mmol) iron
per kilogram. Except for iron, the concentra-
tions of protein, fat, carbohydrates, vitamins,
and minerals of these diets were identical and
havebeenpreviously reported [Kuvibidila et al.,
1998]. While C, ID, HI mice had free access to
their diets 24 h/day, PF mice received the
control diet in amounts equal to the mean that
ID mice had consumed during the preceding
24 h. Mice were housed in sterile microisolator
system cages (product 109EI, Laboratory Pro-
ducts, Maywood, NJ) and they received sterile
deionized water. The light/dark cycle was set
for 12 h, and the room temperature at 228C.
The study was approved by the Institutional
Committee for Animal Care and Use of Louisi-
ana State University School of Medicine. The
feeding period lasted 62 days.

Evaluation of Iron Status at the
End of the Feeding Period

Three days prior to the experiment, eight ID
mice with a hematocrit less than 0.20 were
given the control diet (iron repletion protocol—
Rgroup). The repletion periodwas chosenbased
on our previous studies that showed improve-
ment in lymphocyte proliferation and T cell
activation prior to correction of indicators of
iron-deficiency anemia [Kuvibidila et al., 1998].
At the time of killing,micewere anesthetized by
ether inhalation for 30–60 s. After blood was
drawn from the retro-orbital plexus, mice were
killed by cervical dislocation. Hemoglobin and
hematocrit were measured by the cyanmethe-
moglobin method and centrifugation, respec-
tively [Rodak, 1992]. The iron concentrations
of the liver and the diets were assayed as
previously reported [Kuvibidila et al., 1998].

Preparation of Single Cell Suspension

Spleens were removed under sterile condi-
tions and immediately placed in a preweighed
sterile culture tube that contained 1-ml wash
medium. The wash medium was supplemented
with 10 g/L bovine serum albumin, 50 mg/L
streptomycin, and 50,000 U/L penicillin and
contained 0.113 mmol/L iron [Kuvibidila et al.,
1998]. After the tubes were weighed, single-
cell suspensions were prepared by grinding
the lymphoid organs on a nylon mesh attached
to a sterile 50-ml beaker secured with a rubber

band. The nylon mesh was washed with 10-ml
serum-free RPMI-1640 and cells were collected
into the beaker, then transferred to a 15-ml
conical centrifuge tube. Cells were washed at
400g, 48C for 10 min. The supernatant was
decanted and the pellets were resuspended in
1-ml ice-cold sterile deionized water to lyse red
blood cells. Cells were further washed twice
under the same conditions. The pellets were
then resuspended in2ml ofwashmedium.Total
and viable cells were counted under a light
microscope after cells were diluted in a solution
of trypan blue (4 g/L).

Estimation of the Percentage of
CD80þ and CD86þ Cells

Three types of studies were conducted. In
Study 1, spleen cells (2� 106) were transferred
to a 12� 75mm culture tube, followed by 500 ng
of either anti-CD80-FITC or anti-CD86-FITC in
a total volume of 250 ml of serum-free phosphate
buffered saline (PBS). The final concentration
of each antibody was 2 mg/ml. Tubes were in-
cubated at 378C for 30min, protected from light.
Since in a preliminary study, we observed that
spleen cells incubated at 378C showed brighter
fluorescence intensity than those that were in-
cubated at 48C, we labeled cells at the former
temperature. (However, when cells were labe-
led at 48C, the observation made when cells
were incubated at 378C was corroborated—
Study 3.) At the end of incubation period, cells
were washed twice in PBS at 400g, 48C for
10 min each. Each pellet was resuspended
in 300 ml of 4% formaldehyde solution. Tubes
were incubated at room temperature (228C) on a
shaker (Thermolyne Maxi-Mix III type 65800,
Durbuque, IO) set at 200 rpm for 30 min. Fixed
cells were analyzed within 24 h on a FACSCA-
LIBUR flow cytometer (Becton Dickinson,
Immunocytometry Systems, San Jose, CA)
using CELLQUEST Software. An electronic
gate based on forward versus side scatter
was constructed around lymphocyte popula-
tion. Approximately 5,000-gated events were
collected.

In Study 2, 2� 106 viable spleen cells ob-
tained from the five study groups were incu-
bated in 12� 75 mm culture tubes without and
with 1.25 mg/ml Con A at 378C, 5% CO2, in a
humidified atmosphere in NAPCO incubator
(Model 5100, Portland, OR) for 14 h. The cul-
ture medium contained the following elements
per liter or RPMI-1640: 10 ml FCS, 50 mg
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streptomycin, 5� 104 U, 1 mmol sodium pyru-
vate, 0.1 mmol nonessential amino acids,
50 mmol beta-mercaptoethanol, and 0.238 mmol
iron. At the end of incubation period, cells were
washed twice with serum-free PBS by centri-
fugation at 400g, room temperature for 10 min.
After the second centrifugation, the superna-
tant was decanted. Anti-CD80-FITC and anti-
CD86-FITC were added to parallel tubes; they
were incubated and fixed under the same con-
ditions as Study 1.

In Study 3, the effect of iron chelation by
deferoxamine (DFO) in vitro on the expression
of CD80 and CD86 markers was examined
in mitogen-treated and untreated spleen cells
incubated in complete medium as described in
Study 2.Viable spleen cells (2� 106)weremixed
with Con A (1.25 mg/ml), anti-CD3 (50 ng/ml) or
nomitogen, andwithout or with, DFO (20 mg/ml
or 200 mg/ml) in a total volume of 1 ml complete
medium. Mitogen-treated and untreated cells
were incubated at 378C, 5% CO2, in NAPCO
incubator in a humidified atmosphere for either
1, 2, or 24 h. Cells were washed by centrifuga-
tion at room temperature, 400g, for 10min prior
to being labeled with either anti-CD80 or anti-
CD86 antibodies. In order to identify the cell
types that are affected by iron chelation, non-
activated and Con A-treated spleen cells were
also labeled with either anti-CD3-PE (4 mg/ml)
(Tcells)oranti-CD19-PE(5mg/ml) (Bcells)along
witheitheranti-CD80-FITCoranti-CD86-FITC.
In all experiments that involved time response,
DFO dose response, and evaluation of CD3þ
and CD19þ cells that expressed either CD80
or CD86, cells were labeled at 48C (results of
Figs. 5–7). All other incubation conditions were
identical to those of Study 1 and 2.

Lymphocyte Proliferation

Two types of cultureswere prepared: onewith
20 mg/ml DFO and the other without DFO.
Viable nucleated cells (1� 106) obtained from
normal control mice were mixed with optimal
concentrations of either Con A (1.25 mg/ml),
anti-CD3 antibody (50 ng/ml) or a mixture of
anti-CD3 (50 ng/ml) and anti-CD28 (50 ng/ml).
For background DNA synthesis, culture med-
ium was added instead of the mitogen. The
culture medium was identical to that used in
Study 2 and 3 described above. However, when
lymphocyte proliferation was evaluated in the
five study groups, the culture medium con-
tained 5-ml FCS/100 ml and no DFO.

Activated and non-activated cells (2� 105)
were transferred to 96-well plates in triplicate.
The plates were incubated under the same con-
ditions and for the same duration as macro-
cultures used for CD80 and CD86 staining.
To estimate the rate of DNA synthesis in
DFO-treated and untreated cells, 37 kBq
(1 mCi) 3H-thymidine were added to each well
during the last 6 of the 24-h incubation period.
In cultures that involved spleen cells from the
five study groups, 3H-thymidine was added
during the last 24 of the 72-h incubation period.
At the end of incubation period, cells were
harvested onto filter strips (PHD Cell Harve-
ster, Cambridge Technology, Watertown, MA).
Filters from each well were transferred to a
scintillation vial that contained 2-ml Cytoscint.
The radioactivity incorporated into DNA was
measured by counting each vial for 1 min in
LKB liquid scintillation counter (Model 1219,
Turku, Finland).

Calculations and Statistical Analysis

Descriptive statistics (mean�SEM), analy-
sis of variance (ANOVA), and Pearson’s correla-
tion coefficients were calculated by the use of
Microstatistical program (Ecosoft, Inc., India-
napolis, IN) as described in the literature
[Munro, 1993]. When ANOVA detected signifi-
cant differences among study groups, Scheffé’s
testwasused to determinewhich pairs ofmeans
were different. The level of significance was set
at P< 0.05.

RESULTS

Indicators of Iron Status and the
Weights of Lymphoid Organs

The mean concentration of indicators of
iron status of ID mice were significantly lower
than those of C and PFmice (Table I;P< 0.005).
Iron repletion for 3 days improved but did not
fully correct the decreased indicators. However,
the differences between ID and R mice were
significant for all three indicators of iron status
(P< 0.05). Both the absolute and relative spleen
weights were significantly increased by iron
deficiency and were not corrected by iron re-
pletion for 3 days (P< 0.001). Seven of the eight
ID and all eight R mice had splenomegaly
(relative spleen weight greater than 5.2 mg/g
body weight, the highest observed in C mice).
No significant differences were observed be-
tween theCandPF groupswith any indicator of
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iron status or the weights of body and spleen.
Feeding mice the high iron diet had no effect on
either hemoglobin or hematocrit, but it incre-
ased liver iron stores about 60% compared to
C and PF groups (P< 0.05).
Percentage ofCD80þ andCD86þ spleen

cells. In freshly prepared spleen cells, iron
deficiency was associated with a significant in-
crease in the percentage of cells that expressed
the CD80 receptor (Fig. 1A, P< 0.05) but not
CD86 marker (Fig. 1B). Feeding ID mice, the
control diet (R group) for 3 days did not reduce
the percentage of CD80þ cells to the levels
found in C mice. Neither underfeeding, nor
feeding mice the high iron diet altered the
percentage of CD80þ and CD86þ cells.
Incubation of spleen cells with Con A over-

night resulted in a significant increase in the
percentages of CD80þ (Fig. 1A) and CD86þ
cells (Fig. 1B) in all study groups (P< 0.05).
However, ID and R mice still showed signifi-
cantly higher percentages of CD80þ spleen
cells than the other study groups (P< 0.05).
In contrast, iron deficiency and iron repletion
had no significant effect on the percentage of
CD86þ cells in Con A-treated cultures. As for
freshly prepared cells, neither underfeeding
nor feeding mice the high iron diet had any
effect on the percentages of CD80þ andCD86þ
cells of Con A-treated cells.
Because of differences in the absolute and

relative spleen weights among the five study
groups, the numbers of nucleated spleen cells,
CD80þ, and CD86þ cells were also compared.
Although the absolute (per spleen) and relative
(permg spleen) numbers of nucleated cells were
lower in ID and R mice than in C, PF, and HI
mice, only the mean relative cell number of the
Rgroup thatwas significantlydifferent fromthe
other four study groups (Table II, P< 0.0005).
Iron deficiency slightly, but non-significantly
increased the overall mean number of CD80þ

cells/spleen; and also slightly, and non-signifi-
cantly decreased mean number of CD80þ cells/
mg spleen. While iron deficiency had no signi-
ficant effect on the absolute number of CD86þ
cells per spleen, it was associated with a 50%
reduction in CD86þ cells per mg spleen
(P¼ 0.089, ID vs. HI). In contrast to what one

TABLE I. Means of Indices of Iron Status, Weights of Body, and Lymphoid Organs

Control Pair-fed Iron-deficient Iron-repleted High iron

Hemoglobin (g/L) 176.7� 3.64a 174.8� 4.46a 33.28� 3.3c 57.05�12.45b 177.46�3.32a

Hematocrit 0.508� 0.007a 0.514�0.004a 0.154�0.0019c 0.234� 0.0041b 0.502�0.0064a

Liver iron (mmol/g liver) 1.05� 0.1b 1.244� 0.09b 0.359� 0.05d 0.941� 0.20c 1.676� 0.10a

Weight (g) 20.55� 0.38 19.66� 0.47 17.49� 0.70 17.97� 0.87 20.91�0.48
Spleen (mg) 89.88� 4.93c 97.50� 6.20c 261.25� 65.94b 511.25� 97.5a 118.89�18.29c

Spleen (mg/g body weight) 4.372� 0.22c 4.943� 0.26c 9.80�3.47b 28.31� 4.8a 5.67� 0.89c

Values are mean�SEM; n¼8/group, 9 mice for the HI group. Within a row, values followed by different superscript letters are
significantly different, P<0.05; a> b> c>d.

Fig. 1. Percentages of CD80þ (A) and CD86þ (B) spleen cells
in mice in different dietary treatment groups. Abbreviations and
sample sizes are: control (8 C), pair-fed (8 PF), iron-deficient
(8 ID), and high iron (9 HI). Values are mean � SEM. In
untreated and Con A-treated cells, bars followed by different
letters are significantly different: a*>b*, P¼ 0.059; a>b,
P<0.05; **P<0.01, Con A-treated cells>untreated cells from
the same dietary treatment group.
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would expect, iron repletionwasassociatedwith
a 39% reduction in the absolute number of
CD86þ cells (per spleen) and of about 84% of
relative CD86þ cell number (per mg spleen).
The reduction was significant for the rela-
tive but not absolute CD86þ cell numbers
(P< 0.005). The decrease in the absolute and
relative CD86þ cell numbers was very likely
due to the fact that in themouse, spleen can also
be used for erythropoiesis when iron is limiting.

Fluorescence intensity of CD80þ and
CD86þ spleen cells. Under the experimental
conditions, neither iron deficiency, nor under-
feeding or iron overload altered fluorescence
intensity of CD80þ and CD86þ freshly pre-
pared spleen cells (Fig. 2A,B). While incubation
of spleen cellswithConAovernight didnot alter
fluorescence intensity of CD80þ cells in any
study group, it significantly increasedCD86flu-
orescence intensity in all five groups (P< 0.01).
However, no significant differences were ob-
served among groups.

Effects of iron chelation by DFO on
the percentages of CD80þ and CD86þ
Cells. To further elucidate the possible role
of iron on the expression of CD80 and CD86,
spleen cells obtained from normal (iron suffi-
cient) mice were incubated without and with
20 mg/ml DFO, 1.25 mg/ml Con A, or 50 ng/ml
anti-CD3 for 24 h prior to labeling with anti-
CD80-FITC and anti-CD86-FITC. While iron
chelation resulted in a fourfold increase in
the percentage of CD80þ cells of non-activated
cultures (P< 0.001), it did not alter that of
mitogen-treated cultures (Fig. 3A). Compared
to non-activated cells, incubation of cells with
either Con A or anti-CD3 without DFO result-
ed in a 7–8-fold increase in the percentage of
CD80þ cells (P< 0.001). In contrast, incubation
of cells with the same mitogens, but in the
presence of DFO, resulted only in an 1.47- to

1.77-fold increase. Nevertheless, the increase
was significant (P< 0.001).

Iron chelation for 24 h of non-activated cells
also increased the percentage of CD86þ cells
(P< 0.001) but had no significant effect on
mitogen-treated cells (Fig. 3B). In basal (DFO-
free) medium, Con A and anti-CD3 antibody

TABLE II. Number of Nucleated Cells, CD80þ and CD86þ Cells in the Spleens of Mice
Different Levels of Iron

Control Pair-fed Iron-deficient Iron-replete High iron P

N�106 cells/spleen 45.1� 5.27 46.43� 2.60 36.55�8.35 37.14� 7.90 58.82�3.77 NS
N�106 cells/mg spleen 0.51�0.07a 0.50�0.06a 0.294�0.17a,b 0.113� 0.04b 0.556� 0.06b 0.006
N�106 CD80þ cells/spleen 4.92� 1.41 4.86� 1.25 6.17� 1.08 6.30� 1.66 6.56� 1.15 NS
N�106 CD86þ cells/spleen 7.98� 1.39 6.70� 1.12 6.57� 0.96 4.84� 1.45 9.68� 1.22 0.089
CD80þ cells/mg spleen 0.058� 0.02 0.051� 0.012 0.048� 0.024 0.015� 0.004 0.063� 0.013 NS
CD86þ cells/mg spleen 0.093�0.019a 0.070�0.011a 0.047� 0.02b 0.015�0.065b 0.098� 0.02a 0.005

Values are mean�SEM; n¼8/group, 9 mice for the HI group. Single cell suspensions were prepared and labeled with
different antibodies within 2–3 h. NS, not significant. In any row, values followed by different letters are significantly different
(a> b, P< 0.05).

Fig. 2. Fluorescence intensity of CD80 (A) and CD86 (B)
markers of positive spleen cells obtained from 8 control (C), 8
pair-fed (PF), 8 iron-deficient (ID), and 9 high iron (HI) mice.
Values are mean� SEM. In Con A-treated and untreated
cultures, no significant differences were observed among
groups. *P<0.01, Con A-treated cells>untreated cells from
the same dietary treatment group.
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increased the percentage of CD86þ cells by
5-fold and 1.77-fold, respectively, when com-
pared to non-activated cultures (P< 0.001).
WhenDFOwas included in the culturemedium,
Con A, but not anti-CD3 increased the percen-
tage of CD86þ cells by 2.5-fold (P< 0.001). Iron
chelation for 1 and 2 h did not affect the per-
centages of CD80þ and CD86þ cells (data not
shown).
Effects of iron chelation by DFO on

fluorescence intensity of CD80 and CD86
molecules. In non-activated spleen cells, iron
chelation for 24 h was associated with a small,

but significant increase in fluorescence inten-
sity of CD80 (Fig. 4A) and CD86 receptors
(Fig. 4B) (P< 0.05). In DFO-free medium, Con
A, but not anti-CD3 also increased CD86 flu-
orescence intensity (P< 0.001). DFO increased
the relative concentration of CD80 and CD86
markers to the same levels as Con A and anti-
CD3 antibody. Although, there was a wide vari-
ation between animals, iron chelation for 1 and
2 h also tended to increase fluorescence inten-
sity of CD80 receptor in whole spleen cells
(Fig. 5), CD80 and CD86markers in B (CD19þ)
cells (Fig. 6), and CD80 in T (CD3þ) cells
(Fig. 7). DFO treatment of cells for 24 h sig-
nificantly increased fluorescence intensity of

Fig. 3. Effect of iron chelation by deferoxamine (DFO) and
mitogen-treatment for 24 h on the percentages of CD80þ (A)
and CD86þ (B) spleen cells from five normal (iron-replete)
mice. Values are mean � SEM. In non-activated cultures, the
percentages of CD80þ (A) and CD86þ (B) cells were increased
by DFO (CD80þ: a>b, P<0.001; CD86þ: a>b, P<0.05).
In the presence and absence of DFO, bars followed by
different letters are significantly different (non-activated cells
compared with Con A- and anti-CD3-treated cells; a1> a;
b1>b; P<0.001).

Fig. 4. CD80 (A) and CD86 (B) fluorescence intensity (FI) as a
function of DFO treatment. Values are mean� SEM, N¼ 5
normal mice. In non-activated cells, bars followed by different
letters are significantly different (a> b; P< 0.05). For CD86
receptor, FI of Con A-treated cells is higher than that of non-
activated cells incubated with and without DFO (a1> a; b1>b,
P<0.001).

Iron and Expression of CD80 and CD86 Markers 577



CD86 inCD19þ cells (P< 0.05; Fig. 6), andnon-
significantly in CD3þ cells. Iron chelation for
24 h also tended to increase CD80 relative levels
in B and T cells, though P> 0.05.

Lymphocyte proliferation. In spite of the
high expression of CD86 marker by Con A-
treated spleen cells incubatedwithoutDFO (but
in 1% FCS supplemented medium), 3H-thymi-
dine incorporation into DNA rose only 2.25-fold
(over the baseline) compared to 12.55 for anti-
CD3-treated cells that expressed less CD86
(Table III). In DFO-treated cells, 3H-thymidine
incorporation intoDNAofConA- and anti-CD3-
treated cells was abolished presumably because
of impaired activity of ribonucleotide reductase
but not due to lack of expression of CD80 and
CD86 [Furukawa et al., 1992]. Although there
was a large overlap between groups, iron defi-
ciency was associated with a 26–36% reduction

in lymphocyte proliferative responses to Con A,
anti-CD3 antibody, and the combination of
anti-CD3 and anti-CD28 antibodies (Table IV).
The differences between groups wasmarginally
significant for anti-CD3/anti-CD28 antibody-
treated cells (P¼ 0.077; ANOVA). The lack of
significant reduction in the rate of DNA synth-
esis was in part due to the fact that the cul-
ture medium contained only 5% instead of 10%
FCS that we have used in our previous studies
[Kuvibidila et al., 1998]. When Student’s t-test
was used to compare groups, lymphocyte pro-
liferative responses were lower in ID mice than
of those of PF mice (anti-CD3, P¼ 0.066; anti-
CD3/anti-CD28, P¼ 0.0077, Con A, P¼ 0.087),
HI mice (anti-CD3/anti-CD28, P¼ 0.039), and
C mice (anti-CD3/anti-CD28, P¼ 0.068). Mod-
erate iron overload did not affect lymphocyte
proliferation when compared to C and PF mice.

Hemoglobinandhematocrit, butnot liver iron
stores, positively and significantly correlated
with lymphocyte proliferative responses to Con
A and anti-CD3 (Table V; P< 0.05). While the
percentages of CD80þ spleen cells negatively
and significantly correlated with both hemo-
globin and hematocrit levels (P< 0.05), and
non-significantly with liver iron stores, those
of CD86þ cells did not. Interestingly, lympho-
cyte proliferative responses to mitogens posi-
tively and significantly correlated with CD80
andCD86fluorescence intensity, but negatively
correlated with the percentages of CD80þ cells
(P< 0.05). The negative correlation between
proliferative responses and the percentage of
CD80þ cells may imply that high number of
CD80þ cells are inhibitory tomitogenic response.

DISCUSSION

The requirement of CD80 and CD86 for T cell
activation in themouse and thehumanhas been
established [Hathcock et al., 1994; June et al.,
1994; Perrin et al., 1997]. It has been shown
that blockade of B7 significantly reduced Con A
induced murine spleen cell proliferation and
induction of mRNA for interleukin-2 [Perrin
et al., 1997]. In addition to B cells, CD80 and
CD86 are expressed on a variety of cells in-
cluding activated T cells [June et al., 1994; Das
et al., 1995].

In the present study, we determined the
influence of iron deficiency on the expression
of CD80 and CD86 in non-activated and mito-
gen-treated spleen cells. We also studied the

Fig. 5. Effects of incubation period andDFO concentrations on
the expression of CD80 and CD86 receptors in spleen cells.
Values are mean� SEM; three mice/data point. Although
P>0.05, CD80 fluorescence intensity tended to increase within
60 min of DFO-treatment.
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Fig. 6. Effects of incubation period and DFO concentrations on the expression of CD80 and CD86
receptors in B (CD19þ) cells. Values are mean� SEM; three mice/data point. Although P>0.05, CD80
fluorescence intensity tended to increase within 60 min of DFO treatment.

Fig. 7. Effects of incubation period and DFO concentrations on the expression of CD80 and CD86
receptors in T (CD3þ) cells. Values are mean� SEM; three mice/data point. Although P>0.05, CD80
fluorescence intensity tended to increase within 60 min of DFO treatment.
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direct effect of iron chelation on the expression
of these markers. Our results show that iron
may have a significant role on the expression of
these markers. In Con A-treated and untreated
cultures, in vivo iron deficiency, but not moder-
ate iron overload or underfeeding increased the
percentage of CD80þ spleen cells but not that
of CD86þ cells. In contrast, in vivo iron defi-
ciency did not significantly increase fluore-
scence intensity of either marker.

Our strongest evidence that iron may mod-
ulate the expression of thesemarkers, however,
comes from the in vitro iron chelation experi-
ments. In non-activated cells, iron chelation
resulted in a significant increase in the percen-
tages of cells that expressed CD80 and CD86, as
well as fluorescence intensity of these markers.
The results on increased percentage of CD80þ
cells following iron chelation are consistent
with those that we obtained from in vivo iron-
deficiency experiments. The lack of significant
increase in fluorescence intensity of either mar-
ker in spleen cells from IDand/orRmice suggest
that in vivo iron deficiency is less efficient in
depleting intracellular iron than DFO.

Spleen cell activation by either Con A or anti-
CD3 antibody increased the relative concentra-
tion of CD80 and CD86 as well as the percen-
tages of CD80þ andCD86þ cells. However, the
addition of DFO to the culture medium did not
further increase either the levels or the percen-
tages of positive cells beyond those obtained
with mitogens alone. Our results imply that
the maximum percentage of cells that express
CD80 are obtained with the mitogen; conse-
quently the presence of DFO does not and can
not further increase it. In addition, the max-
imum expression of CD80 on each cell is achi-
eved by iron chelation and the presence of a
mitogen can not increase it any further.

The present data do not allow us to determine
which professional and non-professional APC
whose expression of CD80 and CD86 molecules
are affected by in vivo iron deficiency. However,
based on results obtained from in vitro iron
chelation, iron regulates the expression of both
markers in B and T cells, and starting as early
as 1–2 h of incubation of cells with DFO. It is
also possible that iron depletion has a similar
effect on other APC.

We have previously reported that the percen-
tages of B cells (assessed by immunoglobulin
binding) and T cells (assessed by anti-Thy1.2,
anti-L3T4, and anti-Ly2 antibodies) were sig-
nificantly decreased in ID mice [Kuvibidila
et al., 1990]. We also observed decreased lym-
phocyte proliferation of activated spleen cells
and it was not corrected by T cell enrichment or
the addition of serum to the culture medium;
however, it was corrected by in vivo iron re-
pletion [Kuvibidila et al., 1998, 1999]. In the
present study, although the differences among
groups were small, the proliferative responses
of spleen cells obtained from ID mice were also
lower than those of C and PF mice. The high

TABLE III. 3H-Thymidine Incorporation
Into DNA of Activated and Non-Activated
Spleen Cells Incubated With and Without

20mg/ml Deferoxamine (DFO)

No DFO With DFO P

No mitogen 37�13c 36� 9.9b NS
Con A 84� 32b 41� 7.7b 0.05
Anti-CD3 antibody 467�47a 70� 9.7a 0.05

Values are mean�SEM; n¼ 5 normal mice; the unit is Bq
(1 Bq¼ 29 cpm or 1 cpm¼ 0.034 Bq). NS, not significant. Data
are based on 6 h pulsing of cells that were incubated with and
without mitogens and/or DFO for 24 h. In each column, values
followed by different statistical signs are significantly different;
a> b> c, P< 0.005.

TABLE IV. 3H-Thymidine Incorporation Into DNA of Activated and Non-Activated Spleen
Cells Obtained From Mice Fed Different Levels of Iron

Control Pair-fed Iron-deficient Iron-replete High iron

No mitogen 56.6� 13.03b 200.2�17.4a 166�16.61a 156.5�9.48a 175.1�19.63a

Con A 3592� 960 4072� 881 2665� 432 3651� 741 3232� 578
Anti-CD3 5514�1351a,b 5834� 1290a 3542� 632b 4730�980a,b 5153�1156a,b

Anti-CD3/anti-CD28 8958�1440a 9877�135a 6030�348b 6698� 1006a,b 7749� 643a

Values are mean�SEM; n¼8/group, 9 mice for the HI group. The rate of DNA synthesis was studied during the last 24 of a 72-h
incubation period. Units: Bq (1 cpm¼ 0.034 Bq or 1 Bq¼ 29 cpm). For non-activated cells, P<0.001, and for anti-CD3/anti-CD28-
treated cells, P¼ 0.077, ANOVA. In any row, values followed by unlike letters are different by Student’s t-test. PF> ID: P< 0.008 for
anti-CD3/anti-CD28-treated cells, P¼ 0.066 for anti-CD3-treated cells, P¼ 0.087 for Con A-treated cells. C> ID, P¼ 0.068 for anti-
CD3/anti-CD28-treated cells; HI> ID, P< 0.05, anti-CD3/anti-CD28-treated cells.
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positive correlation coefficients between rela-
tive concentrations of CD80 and CD86 markers
of freshly prepared spleen cells and the prolif-
erative responses at 72 h, suggest that impaired
blastogenesis associated with iron deficiency is
not due to lack of expression of these markers.
Instead, it is due to other mechanisms in the
lymphocyte activation and proliferation path-
ways [reduced hydrolysis of cell membrane
phospholipids, protein kinase C activation,
interleukin-2 secretion, etc; Galan et al., 1992;
Kuvibidila et al., 1992, 1998, 1999; Alcantara
et al., 1994]. The strong negative correlation
between lymphocyte proliferative responses to
mitogens and percentage of CD80þ cells sug-
gest that too many CD80þ cells are inhibitory,
and therefore may also contribute to reduced
lymphocyte proliferationduring irondeficiency.
Whether the increased CD80 and CD86 ex-
pression associated with iron deficiency and/or
iron chelation is an attempt for APC to increase
the affinity for CD28 requires further investiga-
tion. Further experiments are also required to
delineate the mechanisms (altered degration,
migration from the cytosol to the cell membrane
de novo synthesis) by which iron deprivation
(chelation) increases the expression of these
markers). Experiments are also planned to
determine the mechanisms by which high per-
centage of CD80þ cells associated with in vivo
and in vitro iron deficiency may inhibit spleen
cell proliferation.
In summary, our data suggest the following:

(a) In vivo iron deficiency increases the percen-
tage of spleen cells that express CD80 marker
but it does not alter its relative concentration;
(b) in vivo iron deficiency does not increase the

percentage of cells that express CD86 marker
or its relative concentration; (c) in vitro iron
chelation increases the relative concentrations
ofCD80andCD86markers and the percentages
of non-activated spleen cells that express these
markers; but the effects of iron chelation and
mitogen on the expression of these markers are
not synergistic; (d) iron chelation increased the
expression of CD80 and CD86 on B and T cells
within 1–2 h; and (e) lymphocyte proliferative
responses to mitogens positively correlate with
CD80 and CD86 relative levels, but inversely
correlate with the percentage of CD80þ cells.

In conclusion, reduced proliferative respon-
ses of splenic lymphocytes usually associated
with iron deficiency cannot be attributed to lack
of expression ofCD80 andCD86 but to themany
other defects previously reported in the litera-
ture, and also perhaps to the abnormally high
number of CD80þ cells. The regulation of ex-
pression of co-stimulatory markers by iron may
have a significant health implication on auto-
immune diseases in individuals (women) who
are chronically iron deficient.

ACKNOWLEDGMENTS

The authors thank Dr. Jay Kolls for his
generosity for the use of the flow cytometry
equipment in his laboratory at no cost.

REFERENCES

Alcantara O, Obeid L, Hannun V, Ponka P, Boldt DH. 1994.
Regulation of protein kinase C (PKC) expression by iron:
Effects of different iron compounds on PKC-beta and
PKC-alpha gene expression and the role of the 50 flanking
region of the response to ferric transferrin. Blood 84(10):
3510–3510.

TABLE V. Correlation Matrix Between Indicators of Iron Satus and Expression of CD80 and
CD86 Markers, and Lymphocyte Proliferative Responses to Mitogens

Hb Hct
%

CD80þ
%

CD86þ
CD80
FITC

CD86
FITC Con A Anti-CD3

Anti-CD3/
CD28

r r r r r r r r r

Hb 1
Hct 0.97* 1
% CD80þF �0.5* �0.53* 1
% CD86þF �0.04 �0.07 0.62* 1
CD80 FITCd 0.27 0.29 �0.54* �0.32* 1
CD86 FITCd 0.08 0.16 �0.41* �0.24 0.52* 1
Con A 0.22 0.26 �0.37* �0.2 0.5* 0.52* 1
Anti-CD3 0.30* 0.33* �0.45* �0.21 0.42* 0.41* 0.82* 1
Anti-CD3/CD28 0.45* 0.47* �0.48* �0.13 0.56* 0.59* 0.93* 0.82* 1

Hb, hemoglobin; Hct, hematocrit; F, % of CD80þ or CD86þ cells non-activated cultures; d, fluorescence intensity of non-activated
cells. r values followed by asterisks (*) are significantly different from zero.

Iron and Expression of CD80 and CD86 Markers 581



Brock HJ. 1992. Iron and the immune system. In: Lauffer
RB, editor. Iron and human disease. Boca Raton: CRC
Press. p 161–178.

Das PMR, Zamvil SS, Borriello F, Weiner HL, Sharpe CH,
Kuchroo VK. 1995. Reciprocal expression of co-stimula-
tory molecules, B7-1 and B7-2 onmurine T cells following
activation. Eur J Immunol 25:207–221.

Freeman G, Borriello F, Hodes R, Reiser H, Gribben JG, Ng
JW, Kim J, Goldeberg JM, Hathcock K, Laszlo G,
Lombard LA, Wang S, Gray GS, Nadler LM, Sharpe
AH. 1993. Murine B7-2, an alternative CTLA4 counter-
receptor that costimulates T cell proliferation and
interleukin-2 production. J Exp Med 178:2185–2192.

Furukawa T, Naitoh Y, Kohno H, Tokunaga R, Taketani S.
1992. Iron deprivation decreases ribonucleotide reduc-
tase activity and DNA synthesis. Life Sci 50:2059–2065.

Galan P, Thibault H, Preziosi P, Hercberg S. 1992.
Interleukin-2 production in iron-deficient children. Biol
Trace Elem Res 32:421–426.

Guinan EC, Gribben JG, Boussiotis VA, Freeman GJ,
Nadler LM. 1994. Pivotal role of the B7:CD28 pathway in
transplantation tolerance and tumor immunity. Blood
84(10):3261–3282.

Hathcock KS, Laszlo G, Pucillo C, Linsley P, Hodes RJ.
1994. Comparative analysis of B7-1 and B7-2 costimula-
tory ligands: Expression and function. J Exp Med 180:
631–640.

June CH, Bluestone JA, Nadler LM, Thompson CB. 1994.
The B7 and CD28 receptor families. Immunol Today
15(7):321–331.

Kemahli AS, Babacan E, Cavdar AO. 1988. Cell mediated
immune responses in children with iron deficiency and
combined zinc deficiency. Nutrition Research 8:129–136.

Kemp DJ. 1993. The role of iron and iron-binding proteins
in lymphocyte physiology and pathobiology. J Clin Im-
munol 13(2):81–92.

Kuvibidila SR, Porretta C. 2001. Effects of iron deficiency
on the expression of CD3 and CD28 receptors on murine
thymocytes. FASEB J 15(5):A295 (abstract 251.5).

Kuvibidila S, Nauss K, Baliga BS, Suskind RM. 1983.
Effects of iron deficiency on lymphocyte proliferation: In
vivo repletion. Am J Clin Nutr 37:25–35.

Kuvibidila S, Dardenne M, Savino W, Lepol F. 1990.
Influence of iron deficiency anemia on selected thymus
functions in mice: Thymulin biological activity, T-cell
subsets, and thymocyte proliferation. Am J Clin Nutr
51:228–232.

Kuvibidila S, Baliga BS, Murthy KK. 1992. Alteration of
interleukin-2 (IL-2) production in iron deficiency anemia.
J Nutr 1:81–88.

Kuvibidila S, Yu L, Ode D, Warrier RP. 1993. The immune
response in protein-energy malnutrition and single
nutrient deficiencies. In: Klurfeld DM, editor. Human
nutrition: A comprehensive treatise, Vol 8: Nutrition and
immunology. New York: Plenum Press; p 121–155.

Kuvibidila SR, Baliga BS, Warrier RP, Suskind RM. 1998.
Iron deficiency reduces the hydrolysis of cell membrane
phosphatidyl-inositol 4,5 bis-phosphate during splenic
lymphocyte activation in C57BL/6 mice. J Nutr 128:
1077–1083.

Kuvibidila SR, Kitchens D, Baliga BS. 1999. In vivo and
in vitro iron deficiency reduces protein kinase C activity
and translocation inmurine splenic and purified T cells. J
Cell Biochem 74:468–478.

Munro HB. 1993. Differences among group means:
Oneway analysis of variance. In: Munro BH, Page EB,
editors. Statistical methods for health care research. 2nd
edition. Philadelphia: J.B. Lippincott Company. p 99–
128.

Perrin PJ, Davis TA, Smoot DS, Abe R, June CH, Lee KP.
1997. Mitogenic stimulation of T cells reveals differing
contributions for B7-1 (CD80) and B7-2 (CD86) costimu-
lation. Immunology 90:534–542.

Rodak BF. 1992. Routine laboratory evaluation of erythro-
cytes. In: Lotspeich-Steininger CA, Stiene-Martin EA,
Koepke JA, editors. Clinical hematology: Principles, pro-
cedures, corrections. Philadelphia: JP Lippincott Com-
pany. p 107–123.

582 Kuvibidila and Porretta


