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Antigens have the innate ability to trigger both mitosis
and apoptosis simultaneously (dual-signal hypothesis).
The fate of the cell depends on the dosage and dura-
tion of the trigger. In the present study, dual-signal
hypothesis was tested in a murine model using a myco-
bacterial antigen (purified protein derivative-PPD).
As a positive control, E. coli-lipopolysaccharide (LPS)
was used. The results were correlated with the
humoral immune response. Our results showed that
PPD had induced apoptosis in thymus only (after 7
days), while LPS had induced apoptosis in both thy-
mus and bone marrow (after 18 h). Further, the
plasma from PPD-treated animals had higher levels
of Mycobacterium tuberculosis-specific antibodies and
also recognized a few M. tuberculosis-specific antigens
on immunoblot. To conclude, PPD has induced thymic
apoptosis and has also elicited a potent antibody
response.

CELL division and cell death are coupled phenomena.
Mitogens/antigens have the innate ability to trigger both
proliferation and apoptosis simultaneously (dual-signal
hypothesis), which is very much dependent upon the
dosage and duration of the trigger and on various in vivo
conditions'’. The apoptotic programme is not executed
due to the presence of survival factors and once these fac-
tors are exhausted, proliferating cells undergo apoptosis®.
During an immune response, lymphocytes which are spe-
cific for a particular antigen are activated and undergo
proliferation (clonal selection). These activated lympho-
cytes bring about the elimination of the pathogen, offering
protection to the body’. Peripheral deletion of these acti-
vated lymphocytes in the secondary lymphoid organs
(spleen and lymph nodes) curtails the immune response .

Several bacteria and their antigens have already been
shown to induce apoptosis in the immune system''. Myco-
bacterium tuberculosis and its antigen, purified protein
derivative (PPD), have been shown to induce apoptosis in
monocytes/macrophages under in vitro conditions™'?. M.
tuberculosis-induced apoptosis of the infected macro-
phages reduces the viability of the bacilli and may offer
protection against tuberculosis’”. On the other hand,
necrosis of the infected macrophages may exacerbate the
disease by facilitating bacterial dissemination. M. tuber-
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culosis-induced proliferation of T lymphocytes helps in
eliminating the bacilli®*'°. The end result of M. tubercu-
losis-induced proliferation and apoptosis is seen as the
immune response mounted against the bacterium. Even
though M. tuberculosis elicits both humoral immunity
(HI) and cell-mediated immunity (CMI) under in vivo
conditions, the exact role played by these two components
in curtailing the disease is not clearly known”'”.

In the present study, dual-signal hypothesis was tested
under in vivo conditions in a murine model using PPD
and lipopolysaccharide (LPS) and was correlated to the
immune response. Activation-induced apoptosis was esti-
mated using DNA fragmentation assay and flow cytomet-
ric analysis. Activation-induced proliferation was studied
using in vivo proliferation assay. The humoral immune
response was estimated using ELISA and IMMUNOBLOT.
The link between proliferation, apoptosis and immune
response may provide new insights into the pathogenesis
of tuberculosis. Our study addresses PPD-induced proli-
feration, apoptosis and immune response simultaneously
under in vivo conditions.

Animals (BALB/c mice; 4-6 weeks old; 25 g from the
internal animal breeding house, TRC, Chennai) were
maintained under controlled condition. The sample size
was 4 to 5 animals for each group. The animals were
injected intraperitoneally with LPS (100 ug/animal; E.
coli-LPS, Sigma Chemicals Co., St. Louis, MO) or PPD
(100 pg/animal; PPD, Central Veterinary Lab, Wey-
bridge, UK) and were sacrificed after 18 h or 7 days
respectively. The dosage and duration for LPS were
determined based on cited literature'. Lymphoid organs
(thymus, bone marrow and spleen) and blood were col-
lected under aseptic conditions. The mononuclear cells
were separated by Ficol-Hypaque density gradient cen-
trifugation'®. The number of viable cells was determined
by trypan blue staining.

Antigen/mitogen-induced DNA fragmentation was stud-
ied as previously described, with certain modifications®.
Briefly, the cell pellet was suspended in 500 ul of lysis
buffer (1 M Tris, 1 M NaCl and 0.5 M EDTA) containing
proteinase K (Amersham Corporation, Arlington heights,
IL) and SDS. After overnight incubation, DNA was pre-
cipitated and checked in 1.5% agarose gel with standard
molecular weight marker. In order to correlate apoptosis
with proliferation, in vivo proliferation assay was per-
formed as previously described with certain modifica-
tions'>'®. In short, the animals were injected with 500 pl
of *H thymidine (50 uCi, BARC, Mumbai) 1 h before
sacrifice and the DNA was extracted. The concentration
of DNA was quantified with a spectrophotometer using
the formula:

O0.D .40 pm X50x X
1000

Concentration of DNA =

where X is the dilution factor.
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The amount of radioactivity was quantified using liquid
scintillation counter (WALLAC 1490). The proliferation
index (cpm/ug of DNA) was calculated for all the
samples.

Quantification of apoptosis was done using flow cyto-
metry, as mentioned previously'’. Briefly, 1 x 10° cells
were fixed in 80% alcohol and were stored at 4°C. Before
acquisition, the cells were stained with 500 ul of fluro-
chrome solution (200 ug RNase A [Amersham Corpo-
ration, Arlington heights, IL] and 100 ug PI [Sigma
Chemicals Co., St. Louis, MO] in Ca®* and Mg**-free
PBS) and were incubated at 37°C for 1 h. Acquisition was
done with FACsort (BECTON DICKINSON, CA) and
analysis was done using the software, Cell Quest. Initial
identification of cells was made using FSC/SSC plots.
The debris was excluded based on its low FSC and SSC
signals. The apoptotic and normal cells were gated and
analysed for their fluorescence property.

The antibody titre in the plasma of control and treated
animals was determined by ELISA'®. The ELISA plates
were coated with mycobacterial antigens (Culture filtrate
antigen, CFA-5 pug/ml and PPD-5 pg/ml) and were blocked
with 5% BSA. The source of the primary antibody was the
plasma (1 : 20 dilution). The secondary antibodies were
peroxidase conjugated anti-mouse isotypes (dilution IgG —
1:1000; IgM - 1:500). The substrates were ortho-
phenylenediamine (OPD; Sigma Chemicals Co., St. Louis,
MO) and H,0,. The antibody titre was expressed as opti-
cal density (0.D.), which was estimated in an ELISA
reader (SPECTRA MAX 250) at 490 nm.

The antigen-binding pattern of the plasma of control
and treated animals was studied using immunoblot'®. CFA
(200 pg/cm) was resolved electrophoretically, transferred
to nitrocellulose paper, blocked and the blots were cut
into strips. The strips were incubated overnight at 4°C with
mouse plasma (1 : 20 dilution). The bands were visualized
using peroxidase conjugated anti-mouse immunoglobulin,
diaminobenzidine (DAB; Sigma Chemicals Co., St. Louis,
MO) and H,0,. Standard molecular weight marker was
run and developed using amido black staining.

Data were expressed as the mean £ SD. Statistical sig-
nificance was determined using unpaired Student’s -test.
Results were considered significant when P < 0.05.

In the present study both PPD and LPS-induced DNA
fragmentation is in the thymus (Figure 1). Quantification of
thymic apoptosis by flow cytometry revealed a basal level
of 28% in control animals, which was significantly
increased (P < 0.05) by the action of PPD and LPS to
60% and 77% respectively (Figures 2 and 3). Since an
increase in apoptosis is accompanied by a decrease in
proliferation, the proliferation index in thymus was quan-
tified using in vivo proliferation assay. As expected, there
was a decrease in the proliferation index in thymus of
PPD-treated animals (Figure 4). The basal level of apop-
tosis and proliferation was much higher in the thymus
when compared to other lymphoid organs, due to both
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positive and negative selection of the thymocytes that
takes place in the thymus of young mice'®'". It has been
estimated that only 5% of immature thymocytes that enter
the thymus gland leave the thymus as mature T cells,
while the remaining cells die by apoptosis'. There exists
a delicate equilibrium between apoptosis and proliferation
in the thymus gland which had been disturbed by PPD and
LPS stimulation. Our results were in good accordance
with a previous study, where Ozeki er al.” have reported
murine thymic atrophy under in vivo conditions, after the
administration of M. tuberculosis cord factor.

Interestingly, in the bone marrow only LPS brought
about DNA fragmentation (Figure 1). The flow cytometric
data showed 10% of basal level of apoptosis, which was
significantly increased (P < 0.05) by the action of LPS to
51% (Figure 3). PPD triggered neither apoptosis nor pro-
liferation in the bone marrow. The in vivo proliferation
assay showed no difference in the proliferation index
between the control and PPD-treated mice (Figure 4). The
basal level of apoptosis seen in the bone marrow is due to
positive and negative selection of immature B cells in the
bone marrow'®. The negative selection was increased by
the action of LPS. No DNA fragmentation was detected in
the spleen and blood of both LPS- and PPD-treated ani-
mals, indicating the unresponsiveness of mature leuko-
cytes to undergo activation-induced apoptosis (Figure 1).
Even though flow cytometric analysis and in vivo proli-
feration assay indicated a slight increase in apoptosis and
decrease in proliferation index from the basal level in
spleen and blood of treated animals, it was not statisti-
cally significant (Figures 3 and 4).
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Figure 1. PPD- and LPS-induced DNA fragmentation in the lym-
phoid organs. Lanes 1-3, Thymus; lanes 4—6, bone marrow; lanes 9—
11, spleen; lanes 12-14, PBMC. Lanes 1, 4, 9 and 12, control group;
lanes 2, 5, 10 and 13, PPD group; lanes 3, 6, 11 and 14, LPS group.
Lane 8, Molecular weight marker containing integer multiples of
123 bp fragments.
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Figure 2. DNA histogram analysis of thymocytes. Fixed cells were stained with PI and were
acquired by flow cytometry. Cells which show <2 N DNA content are the apoptotic cells
(M1 marker). a, Control group; b, LPS group, and ¢, PPD group.
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Figure 3. Estimation of apoptosis in the primary and secondary lym-
phoid organs by flow cytometry. Animals were treated with PPD
(100 pg) or LPS (100 pg) and were sacrificed at different time points
(PPD, 7 days; LPS, 18 h). There was a significant increase *(P < 0.05)
in the percentage of apoptosis in the thymus of both PPD and LPS
groups and in the bone marrow of the LPS group.
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Figure 4. Estimation of proliferation by in vivo proliferation assay.
Animals were injected with *H thymidine and DNA was extracted. The
proliferation index (cpm/JLlg) was estimated in the lymphoid organs and
PBMC in control and PPD group. Thymus from the PPD groups
showed a significant decrease *(P < 0.05) in the proliferation index.

In order to correlate the pathophysiological effect of
PPD to the humoral immune response elicited by PPD,
the isotype profile in plasma was studied using ELISA,
against PPD and CFA antigens. There was a significant

CURRENT SCIENCE, VOL. 81, NO. 3, 10 AUGUST 2001

1.5 1 *

19G IgM 19G IgM

[JCONTROL MPPD E#LPS

Figure 5. Isotype profile against M. fuberculosis antigens. PPD- and
CFA-specific IgG and IgM were estimated by ELISA in the control,
PPD and LPS groups. PPD-treated animals had significantly higher
*(P < 0.05) level of PPD- and CFA-specific isotypes (IgG and IgM).

increase (P < 0.05) in PPD- and CFA-specific IgM and
IgG levels in the plasma of PPD-treated animals (Figure 5).
This indicated that PPD, apart from triggering apoptosis
in the thymus, also elicits a potent humoral immune
response against the M. tuberculosis antigens. The LPS
group was also included in this experiment because LPS
is a B cell mitogen and can bring about non-specific acti-
vation of polyclonal B cells***'. Hence plasma from LPS-
treated animals was tested for heterologous antigen
recognition (CFA and PPD). No statistically significant
difference in the antibody titre (IgG and IgM) against
CFA and PPD was seen between the control and LPS
groups (Figure 5). The antigen recognition pattern against
CFA was studied using immunoblot. Immunoblot results
showed minimal recognition of antigens by the control
and PPD groups. However, PPD-treated animals recog-
nized few M. tuberculosis-specific antigens in the low-
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molecular weight region (results not shown). The immuno-
blot results match well with the ELISA results.

To conclude, an in vivo defect in T cell proliferation
associated with enhanced level of T cell apoptosis was
noted. T cell death by apoptosis may represent one of the
important components of the ineffective immune response
against M. tuberculosis-induced immunopathology in sus-
ceptible hosts'***. Thus high concentration of M. tubercu-
losis antigens may incapacitate CMI in young susceptible
mice by inducing thymic atropy.
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The diversity of marine fungi on intertidal wood
collected from 13 locations in the west coast of India
(beaches, islands and harbour locations) was assessed.
Out of 3327 wood samples scanned, 72% possess
sporulating marine fungi. Altogether 88 species
belonging to 47 genera were encountered. Torpe-
dospora radiata was the only fungus common to all
locations. Five fungi were more frequent (>10%):
Antennospora quadricornuta, Clavatospora bulbosa,
Crinigera maritima, Periconia prolifica and Torpedospora
radiata. Twenty-four species were rare (0.04-0.5%);
notable rare species were: Amylocarpus encephaloides,
Arenariomyces majusculus, Calathella mangrovei, Carbo-
sphaerella leptosphaerioides, Cirrenalia pseudomacro-
cephala, Crinigera maritima, Dryosphaera navigans,
Dryosphaera tropicalis, Nimbospora bipolaris and Nim-
bospora effusa. Twenty-two species reported in the
present study are new records for the Indian Penin-
sula. A. encephaloides was recorded from the tropical
location, so also A. majusculus and C. pseudomacro-
cephala from the Indian Ocean. The species richness
and diversity was highest in islands than in beaches
and harbour locations. It has been predicted that
islands adjacent to the west coast of India provide
critical habitat for marine fungi.

MARINE fungi are the important intermediaries of energy
flow from detritus to higher trophic levels in the marine
ecosystems'. They require sea water for the completion of
their life cycle. More than 500 species of marine fungi
have been described”. Higher marine fungi constitute
Ascomycotina, Basidiomycotina and Deuteromycotina.
Majority of them being ascomycetes, their spores show
adaptation to the marine ecosystem in the production of
appendages, which facilitate buoyancy in water, entrap-
ment and adherence to substrates. Marine filamentous
fungi have been reported on a variety of detritus: decay-
ing wood, leaves, seaweeds, seagrasses, calcareous and
chitinous substrates. Studies on marine fungi were initi-
ated at the temperate parts of the world. Subsequently,
tropical locations were the centres of interest to under-
stand the abundance and diversity™’. Tropical regions of
Atlantic and Pacific Oceans were investigated more inten-
sively than the Indian Ocean’. A few quantitative studies
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