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Immune attrition may occur in association with severe chronic infections and
neoplastic diseases (1). Mechanisms of immunodeficiency in these disorders have
not been elucidated precisely. During inflammatory states, activated neutrophils
release toxic oxygen species into the extracellular environment (2). The oxygen
products can damage the DNA of adjacent cells (3).

The accumulation of DNA strand breaks markedly stimulates the activity of
the chromatin-bound enzyme poly(ADP-ribose) synthetase (4). The addition of
poly(ADP-ribose) to nuclear proteins has been reported (5) to facilitate DNA
ligation. However, the rapid synthesis of the ADP-ribose polymer can also deplete
cellular pools of NAD* (6).

Recently (7), the unrestrained synthesis of poly(ADP-ribose) in lymphocytes
with unrepaired DNA strand breaks has been postulated to be a possible cause
of immune deficiency in children who lack adenosine deaminase. Herein, we
document the central role of DNA strand breakage and the programmed
synthesis of poly(ADP-ribose) in the genesis of lymphocyte dysfunction induced
by exposure of normal resting human PBL to toxic oxygen species.

Materials and Methods

Lymphocyte Isolation and Culture. PBL were isolated from the heparinized peripheral
blood of normal volunteers by Ficoll-Hypaque centrifugation. Cells were suspended in
nicotinamide-free RPM1-1640, prepared from a Selectamine Kit (Gibco, Grand Island,
NY), supplemented with 10% autologous plasma, 2 mM L-glutamine, and antibiotics
(regular medium). Monocytes were depleted by adherence to plastic for 1 h at 37°C.

To assess the effects of oxidant damage, the lymphocytes were incubated at 37°C in
95% air, 5% CO. at a density of 1-2 X 10° cells/ml in nicotinamide-free RPM1-1640
containing 1% autologous plasma and 100 gM hypoxanthine. In some cases, the media
were supplemented further with 3-aminobenzamide (3-ABA), nicotinamide, nicotinic acid,
or other compounds, as indicated. Oxidation was initiated by the addition of xanthine
oxidase to a final dilution of 100 mU/ml (Sigma Chemical Co., St. Louis, MO). 30-60
min later, the cells were washed and resuspended in regular medium at a density of 10°
cells/ml. PHA 2.5 pg/ml (Sigma Chemical Co.), was added to some cultures, either
immediately or 24 h later. After 3-5 d, replicate cultures were pulsed for 2 h with 1
uCi/ml methy]-[SH]thymidine (sp act 69 Ci/mmol, ICN Radiochemicals, Irvine, CA). The
incorporated radioactivity was determined by liquid scintillation counting.
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Biochemical Methods. DNA strand breaks in resting lymphocyte cultures were estimated
by the fluorometric DNA unwinding assay developed by Birnboim and Jevcak (8), modified
exactly as described previously (7). In this method, cell lysates are exposed to an alkali
solution at pH 12.8 for 30 min to allow for DNA unwinding. Then ethidium bromide,
which fluoresces more intensely when bound to double-stranded DNA, is added to each
sample. The measurement of the fluorescence intensity compared to control cultures
permits one to calculate the relative percentage of double-stranded DNA remaining after
alkali treatment. This value correlates inversely with the number of strand breaks or
alkali-sensitive sites (8). In Results, data are presented as percent double-stranded DNA
remaining after exposure to alkali.

The activity of poly(ADP-ribose) synthetase in lymphocyte cultures was estimated by
the permeabilized cell assay of Berger et al. {4). Briefly, lymphocytes were incubated for
15 min at a density of 2 X 10° cells/ml in a permeabilization buffer containing 10 mM
Tris-HCI, pH 7.8, 1 mM EDTA, 4 mM MgCl,, and 30 mM 2-ME. The cells were then
centrifuged to a 50 ul volume of buffer and combined with 25 ul of a reaction mixture
containing 100 mM Tris-HCI, pH 7.8, 120 mM MgCls, and 1 uCi adenine-2,8-*°H]NAD*
(sp act 25 mCi/mmol; ICN). 30 min later, the cells were collected on glass fiber filters,
washed with ice-cold 20% TCA and ethanol, and counted. All experiments were per-
formed at least in duplicate.

To measure intracellular nucleotide pools, lymphocytes were washed and extracted on
ice with 0.4 M perchloric acid. After neutralization and removal of precipitates, extracts
were frozen at —20°C for up to 1 wk. NAD" levels were measured by an enzymatic
cycling assay that was linear up to 150 pmols (9). ATP levels were quantitated by HPLC.

Results

DNA Strand Breaks. To test the effects of toxic oxygen products on lympho-
cyte function in a controlled, model system, normal resting PBL were exposed
in vitro to hypoxanthine and xanthine oxidase. The oxidation of hypoxanthine
and xanthine by the enzyme produces superoxide and hydrogen peroxide (10,
11), which may react further with compounds in the medium and the cell
membrane to yield other toxic oxygen products, and uncharacterized clastogens
capable of damaging DNA (11, 12). As shown in Fig. 1, a 30-min exposure of
resting PBL to xanthine oxidase and hypoxanthine dose-dependently induced
DNA strand breaks, as measured by the fluorometric alkaline unwinding assay.
In control experiments, treatment of the cells with enzyme or hypoxanthine
alone did not cause DNA strand breakage.

Poly(ADP-ribose) Synthesis. To estimate the activity of poly(ADP-ribose) syn-
thetase, permeabilized cells were incubated with [*’H]NAD™, and the incorpora-
tion of the radioactive ADP moiety into acid-precipitable material was measured.
Table I shows that treatment of resting PBL with a combination of xanthine
oxidase and hypoxanthine stimulated NAD" incorporation by >10-fold. 3-ABA
and nicotinamide are competitive inhibitors (with respect to NAD?) of poly(ADP-
ribose) synthetase (13). Continuous supplementation of the medium with 3-ABA
or nicotinamide (5 mM each) suppressed poly(ADP-ribose) formation by 99%
and 92%, respectively. The inhibitory actions of both compounds were reversible.
However, sufficient 3-ABA remained in the culture after a single washing step
to inhibit poly(ADP-ribose) synthesis by 37%. In control experiments, none of
the compounds altered the extent of DNA strand breakage after exposure of
lymphocytes to xanthine oxidase and hypoxanthine. Furthermore, neither 3-
ABA nor nicotinamide changed the amount of superoxide released, as estimated
by cytochrome C reduction (10).
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FIGURE 1. DNA damage in resting PBL exposed to toxic oxygen species. Resting lympho-
cytes were exposed to (A) xanthine oxidase (100 mU/ml) or (B) hypoxanthine (100 uM) for
30 min at 37°C. DNA strand breaks and alkali-labile sites were measured by the fluorometric
DNA unwinding assay. DNA was treated with alkali solution for 30 min.

TABLE 1
Poly(ADP-ribose) Synthesis in Resting Lymphocytes After Exosure to Toxic
Oxygen Products

Addition of compounds NAD* incorpora-

Permeabilization  Poly(ADP-ribo- tion (pmols per P}f‘i)c'e'n :
Incubation step step ’ syly)ation step 106 cells) mhibition

— — —_ 40.2 —
XOD, Hyp - — 623.1 0
XOD, Hyp, 3-ABA — — 389.7 37
XOD, Hyp, 3-ABA 3-ABA - 78.2 87
XOD, Hyp, 3-ABA 3-ABA 3.ABA 3.6 99
XOD, Hyp, NAM — — 568.8 9
XOD, Hyp, NAM NAM — 316.6 49
XOD, Hyp, NAM NAM NAM 48.1 92
XOD, Hyp, NIC NIC NIC 582.4 7

Lymphocytes were treated with 100 mU/ml xanthine oxidase (XOD) and 100 mM hypo-
xanthine (Hyp) for 30 min at 37°C (incubation step). After washing, the cells were
resuspended in hypotonic solution for 15 min (permeabilization step). Subsequently, incor-
poration of [*HJNAD" into acid-insoluble material was measured over a 30-min interval
[poly(ADP-ribosyljation step]. 3-ABA, nicotinamide (NAM), or nicotinic acid (NIC), each
ata concentration of 5 mM, was included in the medium during the indicated periods.

NAD* and ATP Levels. The excessive use of NAD" for poly(ADP-ribose)
synthesis can deplete intracellular NAD™ pools (6, 7). Within 15 min after
exposure of the resting lymphocytes to xanthine oxidase and hypoxanthine,
NAD™ pools fell by 65% (Fig. 2a). Over the next 2 h, NAD" levels gradually
returned toward normal. Intracellular ATP pools also dropped abruptly after
exposure of lymphocytes to the enzymatic oxidizing system (Fig. 24). However,
ATP levels remained low, despite the partial restoration of NAD* pools.

Supplementation of the medium with 3-ABA or nicotinamide enabled the
lymphocytes to preserve NAD* and ATP pools for at least 2 h (Fig. 2). The
combination of 3-ABA and nicotinamide was no better than either alone.
Nicotinic acid had no effect. Presumably, the major action of the nicotinamide
was to inhibit NAD* consumption, rather than to promote NAD* biosynthesis.

Mitogen Responsiveness. A 60-min exposure of PBL to the enzymatic oxidizing
system completely abolished their ability to respond to PHA (Fig. 3, top).
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FIGURE 2. NAD* and ATP pools in resting lymphocytes after oxidant exposure. Resting
lymphocytes were incubated in medium containing 100 mU/ml xanthine oxidase, 100 uM
hypoxanthine, supplemented with (@) no additions; (O) 5 mM 3-ABA; (@) 5 mM nicotinamide;
() 5 mM nicotinic acid. At the indicated times, NAD™ levels (a) and ATP pools (b) were
measured. Percent control = 100 X (NAD* or ATP in xanthine oxidase supplemented cul-
ture)/(NAD* or ATP in culture without xanthine oxidase). In control cultures, lymphocyte
NAD?* pools averaged 50-60 pmols per 10° cells, and ATP pools averaged 700 pmols per 10°
cells. The results represent the means of three experiments.

CPM (X 107*) + SEM

Hyp Hyp Hyp Hyp Hyp
ADDITIONS - XOD XOD XOD  XOD
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FIGURE 3. Response of oxidant-treated lymphocytes to PHA. Resting PBL were exposed to
100 mU/ml xanthine oxidase (XOD) and 100 uM hypoxanthine (Hyp) for 60 min in the
presence of the indicated compounds, and then were washed and resuspended in regular
medium. PHA (2.5 pg/ml) was added immediately (top) or 24 h after resuspension in fresh
medium to allow for metabolic recovery (bottom). DNA synthesis was estimated by [*H]-
thymidine uptake at 3 d (solid bars), 4 d (hatched bars), or 5 d (crosshatched bars) after the
addition of mitogen. The mean + SD of three replicate experiments is shown. 3-ABA, 5 mM
3-ABA; NAM, 5 mM nicotinamide; NIC, 5 mM nicotinic acid.

Depressed mitogen responsiveness was not restored by suspension of cells for 24
h in fresh medium (Fig. 3, bottom). However, lymphocytes responded to PHA
normally if medium was supplemented with 3-ABA during exposure of cells to
the oxidant stress. Nicotinamide exerted a similar protective effect, but was less
potent.

Discussion

The exposure of resting human PBL to toxic oxygen species, generated by
the combination of xanthine oxidase and hypoxanthine, caused massive DNA
strand breakage. The DNA damage triggered a series of biochemical events that
included the consumption of NAD™* for the synthesis of poly(ADP-ribose), and
an associated fall in NAD" and ATP pools. These events prevented the lympho-
cytes from synthesizing DNA after stimulation with PHA, and led to the eventual
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death of the cells. However, if poly(ADP-ribose) synthesis was retarded with 3-
ABA or nicotinamide, the lymphocytes responded vigorously to PHA.

Poly(ADP-ribose) formation resumed, at a slower rate, after removal of 3-
ABA from the oxidant-treated lymphocyte cultures. Nonetheless, the mitogenic
responsiveness of the cells was preserved for at least 24 h. These results suggest
that lymphocyte inactivation required a massive and/or sustained increase in
poly(ADP-ribose) synthesis. It is also possible that 3-ABA and nicotinamide
exerted additional metabolic effects that protected the lymphocytes from oxidant
toxicity. However, neither compound altered superoxide production nor re-
duced the quantity of DNA strand breaks in the xanthine oxidase and hypoxan-
thine—supplemented lymphocyte cultures.

Lymphocyte NAD* and ATP pools fell rapidly after DNA damage provoked
by the cell-free oxidizing system. Using NAD* for poly(ADP-ribose) synthesis
releases free nicotinamide. Resting PBL can convert nicotinamide to NAD", with
the associated consumption of ATP (14). In the lymphocyte cultures treated with
oxidants, NAD* pools eventually rose to ~60% of baseline levels. However, ATP
pools remained very low. The continued use of ATP during NAD™* resynthesis
may partially explain this phenomenon. Additionally, the poly(ADP-ribosyl)ation
of nuclear proteins may have impaired ATP-generating capacity in unknown
ways.

In most cell types, poly(ADP-ribose) synthesis is thought to play a positive role
in the DNA excision-repair process, especially at the DNA ligation step (5).
However, massive poly(ADP-ribose) formation may also cause the destruction of
cells with extensively damaged DNA (6, 7, 15).

One can hypothesize how such a suicide mechanism might serve a physiologic
function in vivo. At sites of inflammation, phagocytes release diverse oxidant
species. Activated phagocytes can induce sister chromatid exchanges, mutations,
and DNA strand breaks in cultured mammalian cells (3, 11, 12). In preliminary
experiments, we have noted that exposure of resting lymphocytes to activated
autologous neutrophils caused massive DNA strand breakage. Perhaps some
resting lymphocytes at inflammatory sites are destroyed via a programmed suicide
mechanism that is dependent upon poly(ADP-ribose) synthesis.

To varying degrees, adenosine deaminase deficiency, certain DNA repair
disorders (such as ataxia telangectasia and Bloom’s syndrome), and severe chronic
inflammatory diseases can all lead to the attrition of the immune system. The
overproduction of poly(ADP-ribose), triggered by DNA strand breaks, could
represent the common thread that links these apparently unrelated hereditary
and acquired disorders associated with immunodeficiency.

Summary

The metabolic causes for immune impairment in patients with severe chronic
inflammatory diseases have not been clearly defined. Recently, the overproduc-
tion of poly(ADP-ribose) in resting lymphocytes with unrepaired DNA strand
breaks has been suggested to contribute to immune dysfunction in adenosine
deaminase—deficient patients. Our experiments have determined to what extent
DNA damage and poly(ADP-ribose) synthesis might also explain the impaired
mitogen responsiveness of PBL exposed to toxic oxygen species. Treatment of
normal resting human lymphocytes with xanthine oxidase and hypoxanthine
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dose-dependently induced DNA strand breaks and triggered the rapid synthesis
of poly(ADP-ribose). Subsequently, NAD"™ and ATP pools decreased precipi-
tously. Lymphocytes exposed previously to the enzymatic oxidizing system did
not synthesize DNA after stimulation with PHA. However, if the medium was
supplemented with 3-aminobenzamide or nicotinamide, two compounds that
inhibit poly(ADP-ribose) formation, cellular NAD* and ATP pools were pre-
served, and the lymphocytes responded vigorously to a mitogenic challenge.
Excessive poly(ADP-ribose) synthesis, provoked by DNA strand breakage, may
represent a common pathway that connects the immunodeficiency syndromes
associated with (a) exposure of lymphocytes to toxic oxygen species during
chronic inflammatory states, () adenosine deaminase deficiency, and (c¢) certain
DNA repair disorders.

Recetved for publication 16 October 1985 and in revised form 16 December 1985.
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