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one of the important factors deciding whether a cell
w
p

t
M
w
d
r
t
u
t
(
t

d
m
c
t
M
s
e
p
i
s
c
(
(
p
h
i
m
r
t
f
p
d
(

t

Protein A (PA) of Staphylococcus aureus is known as
n immunomodulator. In a search of the molecular
echanism(s) of PA-induced immunocyte potentia-

ion, we found dose-dependent binding of PA (0.01 to
00 mg/ml PA) to the mice splenic lymphocytes. Inter-
stingly, treatment of 1 mg PA/20 g mice increased the
plenic lymphocyte number ;5-fold over control but at
10-mg dose the cell number was decreased compared
ith a 1-mg dose. Flow cytometric analysis of cell-cycle
hase distribution of nuclear DNA in splenic lympho-
ytes showed that at a 1-mg dose, PA shifted the cell-
ycle phases from G0/G1 to S and G2/M supporting the
ro-proliferative role of PA. In contrast, the same in-
ucer increased the sub-G1 cell population at a 10-mg
ose indicating the breakdown of cellular DNA. These
ndings were supported by DNA ladder formation and
uclear breakdown at this higher dose. Further stud-

es revealed that at a 1-mg dose, the level of the pro-
roliferative/anti-apoptotic protein bcl-2 was in-
reased in splenic lymphocytes whereas at a 10-mg
ose it showed a decreasing trend. In contrast, con-
entrations of proapoptotic proteins, p53 and bax,
ere increased at a 10-mg dose. A search of the mech-
nism(s) of such differential action of PA at these two
oses revealed that the lower dose of PA upregulated
he production of interferon-g (IFN-g) and tumor ne-
rosis factor-a (TNF-a) to the extent which has already
een reported by our laboratory to be beneficial to the
ost. However, at a larger dose, much higher release of
NF-a and interleukin-2 (IL-2) may account for the
poptosis of splenic cells. All these findings indicated
hat the cross-talk between all these pro- and anti-
poptotic factors may contribute to maintain a bal-
nce between growth and death of cells and may be

1 To whom correspondence should be addressed at Bose Institute,
-1/12 CIT Scheme VII M, Calcutta 700 054, India. Fax: 91-33-
343886. E-mail: pkray@boseinst.ernet.in.
Abbreviations used: CD, cluster of differentiation; FACS, fluo-

escence-activated cell sorter; FITC, fluorescein isothiocyanate; IL,
nterleukin; IFN-a, interferon-a; IFN-g, interferon-g; LAK, lympho-
ine-activated killer cell; NK, natural killer; PA, protein A; PI, pro-
idium iodide; TNF-a, tumor necrosis factor-a.
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ould follow a proliferative pathway or an apoptotic
athway. © 1999 Academic Press

Disease and drug related immunodeficiency is one of
he major concerns of the scientists all over the world.
any of the deadly diseases like cancer, AIDS etc. as
ell as most of the drugs used in the treatment of these
iseases cause severe immunodeficiency (1, 2). As a
esult, patient often dies out of secondary infections
han by the disease itself. Thus, recent trends are the
sage of immunomodulators, e.g., interleukins (ILs),
umor necrosis factor-a (TNF-a), interferon-g (IFN-g)
3–5) and many others, in such situations to overcome
he immunosuppression.

Protein A (PA) of Staphylococcus aureus displays
iverse immunostimulatory and biological response
odifying properties (6–12). It can activate B lympho-

ytes by binding to the VH sequence of the B cell recep-
or (6) and stimulate T cells by cross linking with the
HC II molecules on the T cell surface (7). As a con-

equence, various immune responses are potentiated,
.g., complement activity (8), phagocytosis in macro-
hages (9), generation of LAK cells (10), NK cell activ-
ty (11) etc. Recent studies from our laboratory demon-
trated that PA induces the production of different
ytokines (12, 13), increases nitric oxide production
14), increases CD41 and CD81 T lymphocytes number
15), and initiates a signaling pathway in splenic lym-
hocytes (14, 16). These multifarious properties of PA
ave made it suitable for being used as an effective

mmunomodulator which can restore the depressed im-
une function. In fact, PA has already been found to

egress tumors and increase the percent survival of
umor bearing mice (17, 18). Furthermore, PA has been
ound to ameliorate the toxicity-related immunode-
ression in mice treated with immunosuppressive
rugs such as azidothymidine, cyclophosphamide etc.
19, 20).

For the past few years we are engaged in studying
he mechanism of immunorestoration in immunodefi-
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
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ient host using PA. In the present study, we have
bserved that the effects of PA in splenic lymphocytes
re highly dose dependent. At one dose, it is mitogenic
nd at a higher dose it is proapoptotic. Further studies
evealed that such differential effects of this bacterial
rotein is highly controlled by the cross-talk between
ifferent Th1 cytokines, possibly triggering pro- and
nti-apoptotic gene expressions in splenic lymphocytes.

ATERIALS AND METHODS

Animals. Male Swiss albino mice ;20 g body wt were acclima-
ized for a week before starting the experiment. They were main-
ained on a commercial pellet diet and fed water ad libitum.

Reagents. Protein A and FITC-PA were purchased from Pharma-
ia Fine Chemicals, Sweden. RPMI 1640 and fetal bovine serum
ere obtained from Gibco BRL, U.S.A. Cycle TEST PLUS DNA

eagent kit was procured from Becton–Dickinson Immunocytometry
ystem, U.S.A., and Apoptotic DNA Ladder Kit was obtained from
oehringer-Mannheim, U.S.A. Polyclonal anti-bax antibody, FITC-
onjugated goat anti-mouse and goat anti-rabbit antibodies were
rocured from Pharmingen, U.S.A. Polyclonal anti-bcl-2 antibody
as purchased from Santa-Cruz, U.S.A., and monoclonal anti-p53
ntibody was a kind gift from Prof. G. C. Das, U.S.A. Cytokine kits
ere purchased from Genzyme, U.S.A. All other chemicals were
rocured from Sigma Chemical Co., U.S.A.

Flow cytometric analysis of protein A binding. PA binding assays
n mice splenic lymphocytes (1 3 106 cells) were performed at 37°C
or 30 min. Various concentrations (0.01–100 mg/ml) of FITC-PA
ere used for this assay in PBS, pH 7.5. Nonspecific binding was
stimated in the presence of FITC alone. Cells were washed thor-
ughly and analyzed on a flow cytometer equipped with 488-nm
rgon laser light source and a 515-nm band pass filter for FITC-
uorescence (FL1-H). Total 10,000 events were acquired for analysis
sing CellQuest software. Simultest LeucoGATE was used to reduce
ebris, monocytes, granulocytes or other contamination, if any, and
ot plot analysis of FL1-H (x-axis; FITC-fluorescence) versus FL2-H
y-axis) has been shown in logarithmic fluorescence intensity.

Flow cytometric analysis of cell-cycle phase distribution of nuclear
NA. For the determination of cell-cycle phase distribution of nu-

lear DNA, splenic lymphocytes (1 3 106 cells) harvested from nor-
al or PA-treated (1 mg or 10 mg PA/20g body wt biweekly for two
eeks) Swiss albino mice were fixed with 3% p-formaldehyde for 30
in, trypsinized, and nuclear DNA was labeled with propidium

odide (PI, 125 mg/ml) after RNase treatment using Cycle TEST
LUS DNA reagent kit. Cell-cycle phase distribution of nuclear DNA
as determined on FACS Calibur using CellQuest software (Becton–
ickinson), fluorescence (FL2-A) detector equipped with 488-nm ar-
on laser light source and 623-nm band pass filter (linear scale,
ecton–Dickinson). Total 10,000 events were acquired for analysis.
ells were properly gated as described earlier and analysis of flow
ytometric data was performed using ModFit software (Becton–
ickinson). Histogram display of FL2-A (x-axis, PI-fluorescence) ver-

us counts (y-axis) has been displayed.

Oligonucleosomal fragmentation of nuclear DNA. Genomic DNA
rom 1 3 106 splenic lymphocytes of mice (treated with or without PA
s mentioned above) were isolated using Apoptotic DNA Ladder Kit
nd separated in 2% agarose gel electrophoresis.

Determination of bcl-2, p 53 and bax by FACS. For the determi-
ation of the expression of bcl-2, p53 and bax proteins, splenic

ymphocytes of mice (control or PA-treated) were permeabilized and
xed as described earlier. One part of the cells (1 3 106 cells) from
ach group was incubated with monoclonal anti-p53 antibody (1
g/ml in PBS containing 1% BSA) for 1 h at room temperature,
106
onjugated goat anti-mouse antibody for one more hour at room
emperature. Other two parts of the cells (1 3 106 cells in each group)
ere incubated with either polyclonal anti-bcl-2 antibody (2 mg/ml in
BS containing 1% BSA) or polyclonal anti-bax antibody (1 mg/ml in
BS containing 1% BSA) for 1 h at room temperature, and then with
ITC-conjugated goat anti-rabbit antibody. Cells were washed thor-
ughly and analyzed in a flow cytometer as described earlier. Histo-
ram display of FL1-H (x-axis; FITC-fluorescence) versus counts
y-axis; number of cells) has been shown in logarithmic fluorescence
ntensity.

Cytokine assay. Cytokine enzyme-linked immunosorbent assay
ELISA) kits for IL-2, IFN-g and TNF-a were used for this purpose.
he assays were performed according to the manufacturer’s protocol
sing serum samples collected at different time points and pooled
ogether for each group. The cytokines were estimated thrice, each
ime by performing a separate set of experiments.

ESULTS

Binding of protein A to mice splenic B lymphocytes.
s a prerequisite of studying the mechanism of PA
ction we first tested whether PA binds to splenic lym-
hocytes or not. Flow cytometric analysis using FITC-
abeled PA showed that there is a dose dependent
inding of PA to these cells as obtained by the gradual
hifting of FITC-PA bound cells from the left to the
ight channels due to the increase in fluorescence in-
ensity (Figs. 1A to 1F).

In vivo proliferation of splenic B cells. After obtain-
ng the dose dependent PA binding to the splenic lym-
hocytes, we next examined the role of PA in splenic
ymphocyte proliferation. Our results showed that at a
ose of 1 mg PA/20 g mice (iv, twice a week for 2
eeks) splenic lymphocyte number was increased by
5-fold over control but at 10 mg dose cell number was
ecreased in comparison to 1 mg dose (Fig. 1G).

Effect of protein A on cell-cycle phase distribution of
uclear DNA. The above results prompted us to find
ut why proliferation is inhibited at a higher dose. To
et a clear picture of what is exactly happening at the
NA level, we studied the cell-cycle phase distribution
f nuclear DNA. Flow cytometric data revealed that PA
nduced shifting of G0/G1 phases to S and G2/M phases
f cell-cycle at a dose of 1 mg (Fig. 2A vs Fig. 2B). In this
ase, 37.8% cells shifted to S and G2/M phases from
8.1% cells in untreated cells indicating the mitogenic
ffect of PA at this dose. In contrast, at the dose of 10
g, PA induced the formation of sub-G1-cell population
s revealed by the increase in hypoploid (,2n) peak of
ell-cycle DNA (from 0.5% in to 10.6% in Figs. 2A and
C) indicating the breakdown of DNA at this dose of
A. These results suggested that PA exerts differential
ffects in immunocytes at different doses.

Protein A-induced oligonucleosomal fragmentation.
o establish the reasons for DNA breakdown, we ob-
erved that unlike in control or at 1 mg PA dose (Fig. 3,
anes 1 and 2), 10 mg dose dramatically induces DNA
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ragmentation, as was evidenced by DNA ladder for-
ation (Fig. 3, lane 3). These results supported the

bove observations and proved that PA induced prolif-
rative effect at lower dose (1 mg) and apoptosis at a
igher dose (10 mg).

Effect of protein A on cytokine production. The pro-
les of PA-stimulated cytokine productions were differ-
nt at these two doses of PA. Results of Table 1 indicate
hat 1-mg dose of PA upregulates IFN-g (5-fold) and
NF-a (12.5-fold) compared with untreated control.
oncentration of IL-2 was very little at this dose. How-
ver, at 10 mg dose, increase was much more in cases of
NF-a (69-fold) and IL-2 (3-fold).

Expression of bcl-2, P53 and bax proteins as a conse-
uence of protein A treatment. To find out the mech-
nism(s) of PA-induced apoptosis and immunopoten-
iation, we next examined whether different doses of
A have any differential effects on the expression of
he pro-proliferative protein, bcl-2, and pro-apoptotic
roteins, p53 and bax. Using flow cytometric tech-
ique, we observed that at 1 mg dose of PA, bcl-2

FIG. 1. Binding of protein A to mice splenic B lymphocytes. Sple
oncentrations of FITC-conjugated protein A (0.01–100 mg/ml) for 30
ot plot display of FL-1 H (x-axis; FITC-fluorescence) versus FL-2 H

imilar results. (G) Effect of protein A on in vivo proliferation of sp
ircle). Data are expressed as the mean 6 SEM of triplicate culture
107
ncreased significantly in splenic cells (Fig. 4A vs Fig.
B) but decreased at 10 mg dose (Fig. 4C). However,
53 level was low in the untreated host (Fig. 4D) and
emained unaffected by 1-mg dose (Fig. 4E). Interest-
ngly, the level of this pro-apoptotic protein, p53, in-
reased significantly in these cells after the treatment
ith 10 mg PA (Fig. 4F). Similar effects were obtained
n bax protein expression in these cells (Figs. 4G–4I).

ISCUSSION

Our observations described above show that PA at
ifferent doses induce different molecular mechanisms
n the same cell type, ending with differential effects.
he results show that although at lower dose PA stim-
lates cell proliferation, at the higher dose, formation
f sub G1-cell population in the cell-cycle was induced.
oreover, DNA laddering was obtained as the markers

f apoptosis. All these results led us to conclude that
A at lower dose stimulates cell proliferation and at
igher dose results in apoptosis of the same cells.

lymphocytes were incubated with (A) FITC alone or (B–F) different
. Cells were fixed and washed followed by cytofluorometric analysis.
-axis) has been shown. The experiments were repeated thrice with
ic lymphocytes was determined as the number of viable cells (open
nic
min

(y
len
s.
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It is acknowledged that for many but not all signals,
he balance between the competing activities of the
ro-proliferative/anti-apoptotic and pro-apoptotic pro-
eins determines the fate of any cell. Among the genes
inked to proliferation and apoptosis, bcl-2, bax, and
53 gene expressions assume much significance (21,
2). It was reported that induced overexpression of p53
ay cause apoptotic death of cells (23). On the other
and, the survival function of bcl-2 is known to be
pposed by its close relative bax (24). Interestingly,
xpression of bax is activated in some cell types by the
53 tumor suppressor, which can provoke apoptosis
25). It is thus envisaged that pro- and anti-apoptotic
roteins titrate one another’s function, suggesting that
heir relative concentration may act as a rheostat for
he suicide program (24). Thus the opposing and inter-
ctive effects of bcl-2, bax and p53 as has been observed

FIG. 2. Effect of protein A on cell-cycle phase distribution of n
ymphocytes of mice treated in vivo without (A) or with PA (1 or 10
isplay of FL2-A (x-axis, PI-fluorescence) versus counts (y-axis) has
ith similar results.

FIG. 3. Protein A-induced oligonucleosomal fragmentation.
plenic lymphocytes of mice treated with or without PA (1 or 10
g/20 g body wt) were harvested and genomic DNA from equal
umbers of cells (lane 1, PBS-treated; lane 2, 1 mg PA-treated; and

ane 3, 10 mg PA-treated) were isolated and separated in 2% agarose
y gel electrophoresis. Lane 4 is molecular weight marker. The
xperiments were performed three times with similar results.
108
y various workers (26, 27) have relevance with our
bservations. In this case, PA at the dose of 1 mg/20 g
ice induces the expression of the pro-proliferative

rotein bcl-2 and stimulates the proliferation of splenic
ymphocytes as concluded from the results of Fig. 4.
hese results were further supported by the finding
hat bcl-2 gene is expressed in high level during normal
ymphocyte proliferation (28, 29). The novelty, how-
ver, of the present observations lies in the differential
ffects of the same protein PA on splenic lymphocytes
t different doses, i.e., an increase in bcl-2 gene expres-
ions in these cells at 1 mg dose while increasing p53
nd bax expressions in the same cell type at 10 mg dose.
hus, it indicated that the cross-talk between these
ro- and anti-apoptotic proteins may contribute to
aintain a balance between pro- and anti-apoptotic

eactions.
It is interesting to note that even the endogenous

mmunomodulators, e.g., ILs, TNF-a, IFN-g etc., be-
ond certain concentrations, induce apoptosis (30–32).
A has been found to upregulate the production of
arious cytokines. It is known that the relative concen-
ration of IFN-g and IL-2 is important factor in decid-

TABLE 1

Effect of Different Doses of Protein A
on Cytokine Production in Vivo

Cytokine

Fold change over control

1 mg protein A 10 mg protein A

IFN-g 5 5
IL-2 a 3
TNF-a 12.5 69

Note. Blood was collected from mice treated with or without PA (1
r 10 mg/20 g body wt) and IFN-g, IL-2, and TNF-a were estimated
rom the blood samples using ELISA kit. Data were represented as
old of cytokines increase over control.

a IL-2 level at this dose of protein A was so little that it was beyond
he detection limit of the kit.

ear DNA. Cell-cycle phase distribution of nuclear DNA of splenic
/20 g mice; B or C) was determined flow cytometrically. Histogram
n displayed. The experiments were repeated more than three times
ucl
mg

bee
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ng the promotion of lymphocyte proliferation or apop-
osis (33). Since in our system, at lower dose only
FN-g was increased keeping IL-2 stimulation nomi-
al, the cells were directed toward proliferative path-
ay. However, at higher dose, an increase in IL-2

ogether with IFN-g may have shifted the balance to
he other side and supported apoptosis of these cells.
his notion was further supported by the 69-fold in-
rease in TNF-a at the higher dose of PA in comparison
o 12.5-fold with 1 mg dose. Such a high level of this
ytokine, which is a known apoptosis inducer, may be
ne of the important factors of normal cell apoptosis at
igher dose of PA. All these findings suggest that the
eneficial immunostimulatory dose of PA is 1 mg/20 g
nimal. PA has long been known as an immunopoten-
iator (6–16) and thus might be used as immunore-
torer during immunodepressed condition as occur due
o many diseases. However, the knowledge gathered
rom our study would help to select the proper dose of
A which otherwise may become detrimental for the

mmune system itself making the situation worse. On
he other hand, it is recognized that during many dis-
ases, e.g., autoimmune disease, desired apoptosis fails
o take place (34). In those situation higher dose(s) of
A can be used as the part of therapy.

FIG. 4. Expression of bcl-2, p53 and bax proteins as a consequenc
nti-bcl-2/anti-p53/anti-bax antibodies and then with FITC-conjuga
istogram display of FL1-H (x-axis; FITC-fluorescence) versus coun

ntensity. Panels: (A) bcl-2 of control splenic lymphocytes (B) bcl-2
plenic lymphocytes, (D) p53 of control splenic lymphocytes (E) p53
plenic lymphocytes, (G) bax of control splenic lymphocytes (H) bax o
plenic lymphocytes. The experiments were repeated thrice with sim
109
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