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ing human CD4⫹ and CD8⫹ T cells, highly activated T-cell
lines were generated by stimulating peripheral blood mononuclear cells with anti-CD3 and interleukin-2 for 7 to 14 days.
CD4⫹ and CD8⫹ T cells were purified by positive selection
with immunomagnetic beads (Dynal) and degranulation triggered by plate-bound anti-CD3. Assays were performed with
serum-free assay buffer, as serum reduces ATP levels by 50%
within 1 h (8). Supernatants from T cells with and without
anti-CD3 stimulation were harvested for 1 h and analyzed for
ATP, ␤-hexosaminidase (to measure the degree of degranulation), and lactate dehydrogenase, an indicator of nonspecific
cell death (13). Plate-bound anti-CD3 induced a 10 to 43%
degranulation of T cells with a nonspecific cytolysis of ⬍3%.
ATP and ADP plus AMP levels in supernatants were measured by a rephosphorylation assay using firefly luciferase (Table 1) (1). In half the experiments, statistically significant increases in ATP levels were measured after plate-bound antiCD3 induced degranulation compared to what occurred in
wells with no antibody (P ⬍ 0.05). These studies demonstrate
that concentrations of ATP plus ADP plus AMP released by
degranulating T cells (106/ml) were low, ranging from 2 to 92
nM.
ATP values reported here represent ATP concentrations
after the degranulation of human T cells into a large extracellular space. The estimation of achievable concentrations in the
local microenvironment of a pericellular space, such as the
immunological synapse, requires the following calculations and
assumptions. The maximum ATP concentration achieved in
our studies (Table 1, experiment 3) was 18 nM, after 106 cells
degranulated into 1 ml. This represents 18 pmol of ATP released. Several recent studies have estimated that the pericellular space in tightly packed tissues is only 10% of the cellular
space (2, 5). One million T cells occupy about 1 l of cellular
space. If 18 pmol of ATP was released into 0.1 l of pericellular space, ATP concentrations would reach 180 M. This is
a 5- to 10-fold-lower concentration than that required to inhibit mycobacterial growth. ATP is rapidly degraded by high
levels of ecto-ATPase activity of activated T cells, which further reduces extracellular concentrations of ATP (10). Based
on these assumptions and calculations, it is unlikely that a level
of extracellular ATP sufficient to induce mycobacterial killing
is generated locally by degranulating T cells.

It has been demonstrated that multiple T-cell subsets are
involved in the restriction of mycobacterial growth in vitro (4,
9, 18, 19). How T cells mediate enhanced killing of Mycobacterium tuberculosis remains controversial. In vitro, ATP induces
killing of mycobacteria in human macrophages by signaling
through P2X7 receptors, which increases calcium and phospholipase D-dependent phagolysosome fusion (12, 15–17, 20).
The concentrations of extracellular ATP required for mycobacterial growth restriction in macrophages are 1 to 3 mM.
These are high concentrations for extracellular spaces, which
normally contain nanomolar concentrations. Cytotoxic T cells
could not raise extracellular ATP levels at sites of infection
through either T-cell degranulation or the lysis of infected
cells. In the present study, we aimed to determine whether the
ATP released by T cells has a role in the control of mycobacterial growth in macrophages.
ATP-induced lysis in monocytes. First, the concentration of
extracellular ATP required to induce P2X7 signaling was determined by measuring ATP-induced cytolysis of blood monocytes (MN). Extracellular ATP induces apoptosis and lysis
through P2X7 signaling in macrophages (3, 21). For all experiments, MN from normal donors were purified with immunomagnetic beads by negative selection (monocyte isolation kit;
Miltenyi) and pretreated with gamma interferon (IFN-␥) (100
U/ml) for 2 days to upregulate P2X7 receptor expression,
thereby increasing sensitivity to ATP. The degree of ATPinduced lysis was determined by release of 51Cr from MN 4 h
after ATP exposure (Fig. 1A). Both donors responded maximally to 3 mM ATP, while exhibiting intermediate responses to
1 mM ATP and no response to 0.3 mM ATP. Thus, an ATP
concentration range of 1 to 3 mM was found to be optimal for
the killing of both Mycobacterium bovis BCG and M. tuberculosis in human macrophages (15, 17). ATP antagonists were
found to completely inhibit the lysis of macrophages (Fig. 1B).
Release of ATP during T-cell degranulation. Whether the 1
to 3 mM concentrations of ATP required for macrophage
apoptosis can be achieved following human T-cell degranulation is unknown. To quantitate ATP release from degranulat* Corresponding author. Mailing address: Case Western Reserve
University, 10900 Euclid Ave., BRB 1010B, Cleveland, OH 441094984. Phone: (216) 368-8901. Fax: (216) 368-2034. E-mail: dxc44
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Extracellular ATP at millimolar concentrations inhibits growth of mycobacteria in human macrophages.
Whether T cells can produce sufficient ATP is unknown. CD4ⴙ and CD8ⴙ T cells did not release sufficient ATP
through either degranulation or lysis of bystander cells to restrict growth of Mycobacterium bovis BCG in
monocytes.
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These data do not exclude the possibility that vectorial ATP
release into the small volume of an “immunologic synapse” can
activate macrophages through P2X7 to kill mycobacteria.
However, the low ATP concentrations are unlikely to be adequate for signaling the P2X7 receptor long enough, given the
high ecto-ATPase activity on the surfaces of activated T cells.
ATP antagonists, KN-62 and oxidized ATP, were found to
have nonspecific inhibitory effects in 51Cr macrophage T-cell
lysis assays and growth restriction assays. Thus, they could not
be used to determine whether the small amounts of ATP after
T-cell degranulation reached a concentration sufficient to signal the P2X7 receptor.

Bystander ATP does not inhibit BCG growth. T cells may
also generate extracellular ATP by lysing cells, which precipitates release of cytosolic ATP in the immediate vicinity of
infected macrophages. As cytoplasmic ATP concentrations are
3 to 5 mM, bystander cells may be a significant source of ATP
for signaling through purinergic receptors such as P2X7 (7, 11,
14).
Two experimental systems were established to determine if
bystander ATP, which is released when T cells lyse target cells,
affects BCG growth in MN. They were designed to generate
extracellular ATP by lysis of bystander cells. The acute myeloid
leukemia cell line KG-1 (American Type Culture Collection,
Manassas, Va.), served as an ATP donor cell line because it has
low ecto-ATPase activity (6). In the first experimental system,

TABLE 1. Adenosine nucleotides released from
degranulating T-cell linesa

T cell

Expt

CD4⫹

1
2
3

CD8⫹

4
5
6

Concn of ATP
(nM) with:

Total concn of
ATP-ADP-AMP
(nM) with:

No MAb

Anti-CD3

No MAb

Anti-CD3

2.7
2.7
14

2.2
4.0
18b

5.9
15.7
51

2.2
24
92

1.4
6.9
2.2

1.5
4.5
2.4

0.53
1.1
1.3

1.2b
1.8b
2.1

CD4⫹ and CD8⫹ T cells (106/ml) were purified from anti-CD3- and interleukin-2-activated peripheral blood mononuclear cells and incubated in ATP
assay buffer on anti-CD3-coated and -uncoated plates for 1 h. Wells were harvested and spun, and the supernatants were boiled. ATP alone and ADP plus
AMP were measured by rephosphorylation assay. In all cases, the level of lactate
dehydrogenase was ⬍3% and levels of ␤-hexosaminidase were 10 to 20% for
CD4⫹ T cells and 18 to 43% for CD8⫹ T cells of the sodium dodecyl sulfateinduced maximums for each. MAb, monoclonal antibody.
b
Significant increase in ATP over the level in wells not treated with MAb (P ⬍
0.05).
a

TABLE 2. Aderosine nucleotides released by KG-1 cells
treated with UV irradiation or lysed with T cells
Exptl system

Time of
measurement (h)

Concn
of ATP
(nM)

Total concn of
ATP-ADP-AMP
(nM)

UV irradiation of KG-1 cells
No irradiation of KG-1 cells

1
1

404
146

1,986
478

UV irradiation of KG-1 cells
No irradiation of KG-1 cells

3
3

293
88

2,609
442

T cellsa ⫹ SEB-treated KG-1 cells
T cells ⫹ untreated KG-1 cells

1
1

2.8
3.7

2.8
3.7

T cells ⫹ SEB-treated KG-1 cells
T cells ⫹ untreated KG-1 cells

3
3

7.4
7.1

7.4
3.8

a
In one group, 3 ⫻ 105 KG-1 cells per well were UV irradiated and placed in
200 l. In a second group, 3 ⫻ 105 T cells per well and KG-1 cells labeled or not
labeled with SEB were plated in 200 l. At 1 and 3 h, supernatants were
harvested and boiled, and ATP and ADP-AMP were measured by rephosphorylation assay. ATP results are representative of two experiments.

Downloaded from http://iai.asm.org/ on April 18, 2021 by guest

FIG. 1. ATP induces lysis in monocytes. (A) IFN-␥-prestimulated MN from two donors were loaded with 51Cr and incubated with different
concentrations of ATP for 4 h. (B) After 51Cr loading, macrophages were preincubated with oxidized ATP (oATP) (300 M) and either KN-62
(2 M) or apyrase (2 U/ml); ATP (3 mM) was then added. 51Cr release was measured by sampling the supernatant. The percentage of lysis was
calculated on the basis of the maximal lysis induced by 1% sodium dodecyl sulfate. The error bars represent the standard deviations of values from
triplicate wells.
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pretreatment of KG-1 cells with UV irradiation for 30 min
induced lysis over the course of several hours. In the second,
KG-1 cells were pretreated with the superantigen staphylococcal enterotoxin B (SEB), which binds their major histocompatibility complex class II molecules to label them as selective
targets for activated T-cell lines. The maximum number of
KG-1 cells that could be supported by the tissue medium was
used. In each experimental system, KG-1 cells were in intimate
contact with BCG-infected MN at the time of lysis to create a
microenvironment where ATP concentrations would be highest locally.
Table 2 presents the concentrations of ATP and total concentrations of ATP plus ADP plus AMP detected in supernatants by these two experimental systems. Nucleotide levels
were measured by rephosphorylation assays. By 3 h, UVtreated KG-1 cells were lysed by 50%, as measured by 51Cr
release, and concentrations of total nucleotide (ATP plus ADP
plus AMP) reached 2.6 M. After incubation with T cells, 24
to 50% of SEB-treated KG-1 cells, measured by a 51Cr release
assay, were lysed after 4 h. The lower nucleotide concentrations in cultures of T cells with SEB-treated KG-1 cells compared to those with KG-1 cells alone may have been due to the
high ecto-ATPase activity of activated T cells.
To determine the effect produced by the release of bystander cell ATP on mycobacterial growth, 105 IFN-␥-treated
MN were infected with BCG at a 1:1 multiplicity of infection.
After the cells were washed extensively, KG-1 cells, T cells, or
ATP was added and the solution was briefly centrifuged to
maximize cell contact. After overnight culture, cells were lysed
with saponin (0.2%) and the number of CFU/well was measured. Figure 2A demonstrates that there were no reductions
in the numbers of BCG CFU in experimental groups when
lysed KG-1 cells served as an extracellular source of ATP.
Figure 2B demonstrates the mean changes in the numbers of
CFU in the experimental groups expressed as percentages rel-

ative to the number of CFU in infected MN alone. For the
three donors, there was no statistically significant difference in
numbers of CFU by paired t test between UV-treated and
nontreated wells or between SEB–KG-1 cell-treated and nontreated wells. To constitute a positive control, BCG-infected
MN were treated with extracellular ATP, which resulted in a
significant reduction in growth.
On the basis of these studies, we conclude that human T
cells release very low concentrations of ATP after degranulation and that bystander ATP release in the microenvironment
of BCG-infected MN was insufficient to induce mycobacterial
killing. Taken together, these findings suggest that T cells do
not likely provide an adequate amount of ATP to induce mycobacterial growth restriction in MN.
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