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1. INTRODUCTION 

8 

Recent studies have established that phagocytic cells generate several reactive oxy
gen species (ROS).1-24 Normally, under resting or baseline conditions, unstimu
lated granulocytes and monocytes appear to release only minimal, and probably 
nontoxic, amounts of ROS. However, during an immunological response, pha
gocytic cells may have a burst in oxidative metabolism (a respiratory burst), result
ing in an enhanced release of ROS at an inflammatory site. 25- 27 Since lymphocytes 
are an essential part of the inflammatory response, the potent compounds released 
by phagocytic cells might modify the functional capacity of these cells. This chapter 
discusses the possible effects of the ROS produced by phagocytic cells during the 
respiratory burst on the functional capacity of human lymphocytes at a site of 
inflammation. 

Two potential effects might be anticipated. First, the overall effect might result 
in enhanced lymphocyte activity. Under these circumstances, the stimulated pha
gocytic cell would provide a helper cell function. Alternatively, the compounds 
released could impair lymphocytes function. Under these conditions, the stimulated 
phagocytic cell would exhibit suppressor cell activity. 

The potential interaction between the ROS released by phagocytic cells and 
lymphocytes at an inflammatory site appears to be markedly complex and the 
effects of ROS on the functional capacity of lymphocytes could be modified by a 
number of factors generated during an immune response. Under most circum
stances, the stimulus that induces a metabolic burst in phagocytic cells also stimu
lates simultaneously other independent cellular events. These include chemotax-
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is,28.29 the release of lymphokines30.31 and enzymes with diverse activity, 32.33 and 
the generation of prostaglandins and leukotrienes- from arachidonic acid. 34- 37 

In these complex systems, altered lymphocyte function could occur as a conse
quence of direct interaction of the ROS with the lymphocyte or indirectly due to the 
interaction of the ROS with another compound produced simultaneously by the 
phagocytic cell. For example, the ROS might react with a lymphokine, enzyme, or 
a prostaglandin, which then interacts with the lymphocyte resulting in an altered 
function. Furthermore, in some cases, the ROS could react with factors released 
from lymphocytes and required for optimal lymphocyte function. 

Of particular importance in considering the effects of the ROS produced by 
phagocytic cells on the function of lymphoid cells is the relative sensitivity of 
subpopulations of these cells to oxidant damage. 

2. CHARACTERISTICS OF THE METABOLIC BURST 

2.1. Nature of the Metabolic Burst in Phagocytic Cells 

We have discussed in detail the nature of the biochemical reactions associated 
with the metabolic burst occurring in the granulocyte following its activation by an 
appropriate stimulus (see Chapter 12, this volume). The metabolic burst is associ
ated with an immediate release of several reactive oxygen species by these cells, 
including superoxide (0; ),4 hydrogen peroxide (H20 2),18 hydroxyl free radical 
(OH·),38-40.42 hypochlorous acid,19-2\ and the hypochlorous-derived stable oxi
dants-chloramines. 21 - 23 The stimulation of monocytes is associated with a similar 
rapid activation of oxidative metabolism. 15 .41 The effect of the tumor promoter 
phorbol myristate acetate (PMA) on the HMPS activity and H20 2 production of 
blood mononuclear cell suspensions containing approximately 20% monocytes is 
given in Fig. 1. As seen, there is prompt activation of the HMPS pathway, as 
indicated by a marked increase in [1-14C]glucose oxidation, and H20 2 production as 
indicated by enhanced [14C]formate oxidation. 

Overall, most studies indicate that stimulated monocytes release lower amounts 
of ROS than granulocytes. 6 •15 ,42-48 These include the production of H20 2, HOCl, 
and OH·, 

In addition to granulocytes and monocytes, lymphocytes may also be exposed 
to macrophages at an inflammatory site, particularly in chronic infections. In this 
regard, there appear to be important differences in the oxidative metabolism of the 
macrophages compared to the other phagocytic cells. The functional and bio
chemical characteristics of animal macrophage from a variety of tissues has been the 
subject of considerable investigation. 49-54 These studies indicate an importance of 
0;, H20 2, and possibly OH' radical in the functional capacity of these cells. 
However, macrophages appear to lack the capacity to produce HOCI even after 
activation because they have relatively little myeloperoxidase activity. 44.55 In con
trast to animal macrophages, the oxidative metabolism of human macrophages is 



RESPIRATORY BURST AND LYMPHOCYTE FUNCTION 

.:!! 
"0 
.~ 

~ 

35 

30 

25 

20 

15 

10 

5 

4 

3 PMA 

~ ,.. ____ [14C]formote 

! ---------------

2 

o 2 3 4 

Hours with PMA (50 ng/ mil 

161 

5 

FIGURE 1. Oxidation of [1-14Cjglucose (-) and [14Cjformate (- - -) by suspensions of 
mononuclear cells (20 x 106 in 4.5 ml buffer). The curves represent a continuous measurement 
of 14C02 production from each substrate, using an ionization chamber electrometer system. 
The y axis indicates the electrical signal (in mV) generated by the 14C02 passing through the 
chamber. After steady state conditions were established, PMA was added as indicated by the 
arrow in a final concentration of 0.05 ILg/ml. (From Sagone et a1.41 ) 

less well delineated. Our knowledge of the biochemistry of this cell is derived 
primarily from the study of human alveolar macrophages. 42,44,56 Of importance is 
that these cells appear to release substantial amounts of 02 and H20 2 , even under 
resting conditions. The alveolar macrophages derived by bronchopulmonary lavage 
from a normal person produces significant amounts of H20 2 .44,56 Similar to other 
phagocytic cells, the stimulation of human macrophages is associated with a burst in 
hexose monophosphate shunt pathway activity, increased oxygen consumption, and 
enhanced 02 and H20 2 production. Human macrophages appear to produce signif
icantly less OH· than do other human phagocytic cells42 ,44 and little HOCl. Howev
er, the O2 and H20 2 released by unstimulated macrophages might directly alter 
lymphocyte function while a similar alteration by PMN or monocytes may require 
stimulation of these cells. 

Of particular interest is the capacity of phagocytic cells to become activated in 
vivo. 57- 68 This activation is associated with an enhanced capacity to generate ROS. 
Phagocytic cells may become activated by a variety of mechanisms, such as ex
posure to interferon, lipopolysaccharide, and immune complexes.69- 74 While it 
may be somewhat confusing, the difference between activation and stimulation for 
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the purposes of this discussion should be noted. Stimulation indicates the enhanced 
immediate release of ROS, enzymes, and so on, following the interaction of a 
phagocytic cell with an appropriate stimulus. Within this context, an activated cell, 
when stimulated, would release increased amounts ofROS, enzymes, lymphokines, 
and possibly new compounds compared with the nonactivated cells. Under some 
circumstances, however, the differences between stimulation and activation become 
somewhat hazy or arbitrary. For example, the resident human alveolar macrophage 
in healthy persons may already be activated as a consequence of chronic exposure to 
the noxious agents in our atmosphere. 

2.2. Generation of ROS by Lymphocytes 

Thus far, I have discussed the metabolic burst occurring in phagocytic cells 
following interaction with an appropriate stimulus. However, a fundamental physi
ological question arises: Does the lymphocyte or a specific subpopulation, such as T 
cells, B cells, or NK cells have the capacity to generate ROS in a manner similar to 
that of PMN, monocytes, and macrophages? Several groups have studied the ox
idative metabolism of purified lymphocyte preparations. 15,45,46,48 Agents that stim
ulate the oxidative metabolism of phagocytic cells do not stimulate the oxidative 
metabolism of lymphocytes. This includes agents such as PMA and merezein, 
which do not require specific membrane receptors. 48 Therefore, most evidence 
indicates that human lymphocytes lack NADPH oxidase activity and do not have the 
capacity to undergo an immediate burst in oxidative metabolism with the generation 
and a release of ROS characteristic of phagocytic cells. 

Whereas lymphocytes do not appear to have the immediate burst in oxidative 
metabolism following interaction with a variety of stimuli the stimulation of ox
idative metabolism does occur in lymphocytes under some circumstances. For 
example, it has been known for some time that lymphocyte cultures undergoing 
lymphoblastic transformation to nonspecific mitogens have a marked augmentation 
of HMPS activity, which appears to start late the first day of culture and is greatest 
during the second day,?5-78 However, it is not clear whether the enhanced HMPS 
response is associated with the increased cellular production of ROS or relates to a 
specific requirement of the HMPS for cellular division. 

There is some evidence that lymphocytes may produce OH· or another ROS 
under some conditions. 79-81 The addition of hydroxyl scavengers to mitogen
stimulated lymphocyte cultures impairs their proliferation, suggesting the genera
tion of OH· under these conditions. 79 It has been suggested that OH· may be related 
to the NK activity of lymphocytes. 8o This conclusion is based on the capacity of 
hydroxyl scavengers to inhibit the NK activity of lymphocyte cultures. As discussed 
in Chapter 12 (this volume), OH· might be produced in lymphocytes during arachi
donic metabolism or by their microsomal enzyme systems. Thus far, lymphocytes 
have not been shown to produce OH· directly using specific assays that measure the 
production of OH· in biological systems. 80 This may relate to the sensitivity of the 
assays available to measure this ROS. 
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2.3. Stimuli That Induce a Metabolic Burst in Phagocytic Cells 

A number of diverse stimuli are known to induce a respiratory burst in pha
gocytic cells in vitro. In this regard, specific membrane receptors are of particular 
importance in the stimulation of the oxidative metabolism of phagocytic cells. The 
most notable of these are the Fc and complement receptors present on the membrane 
of all phagocytic cells. 82- 9o Stimulation of these receptors would appear to repre
sent an important final common pathway for the stimulation of the oxidative metab
olism of phagocytic cells in vitro by a variety of stimuli. These include soluble 
immune complexes, insoluble immune complexes,3.32,33 opzonized infectious or
ganism such as bacteria5,90 and viruses,91,92 and antibody-sensitized target cells 
such as RBC and tumor cells. 93- 99 A similar activation of phagocytic cells may 
occur due to immune-complex absorption on lymphocytes. 100 These stimuli trigger 
a metabolic burst by stimulation of the Fc receptor. In most cases, the simultaneous 
absorption of complement components with the antigen-antibody complex appears 
to enhance the overall response apparently by simultaneous stimulation of the 
complement and Fc receptors. 82 ,90,94 However, activated complement alone may 
trigger a metabolic burst in phagocytic cells in vivo. The complement stimulation of 
granulocyte metabolism may be related to the pulmonary distress syndrome re
ported in patients following hemodialysis and WBC cell transfusions. 101 Further
more, the activation of serum by snake venom is known to induce ARDS in 
animals. 102,103 In this regard, a well-studied model for the stimulation of a respira
tory burst in phagocytic cells by complement is the incubation of these cells with 
serum opsonized zymosan particles. 15 

The respiratory burst can be also induced by other mechanisms. The chemotac
tic peptide FMLP appears to stimulate a metabolic burst and enzyme release in 
phagocytes by interaction with a specific membrane receptor,29 while compounds 
such as PMA and merezein appear to stimulate oxidative metabolism by direct 
acfivation of the enzyme C-kinase, thereby bypassing the need for the membrane 
stimulation. 104 

It is reasonable to conclude that a number of these stimuli will induce release of 
ROS by phagocytes at an inflammatory site in vivo. Such reactions have been 
postulated in patients with autoimmune disorders, bacteria and viral infections, as 
well, as patients with neoplasia. 

A few additional comments seem appropriate when considering the potential 
role of the ROS released by specific phagocytes in modifying lymphocytic function 
in vivo. The first question is whether there is selective activation of specific pha
gocytic cells by immune complexes or sensitized target cells in vivo. For example, 
monocytes appear to be able to interact with target cells sensitized by low con
centrations of antibody. 82 Monocytes bind and lyse RBC sensitized by the serum 
antibodies present in patients with autoimmune hemolytic anemia (IGG subtypes 1 
and 3),105 and RBC sensitized by Rhogam antibody (ADCC).99 The interaction is 
associated with a metabolic burst in the monocyte, suggesting that ADCC is medi
ated in part by the ROS generated by these cells. 99 By contrast, granulocytes do not 
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mediate ADCC in this system and are not stimulated. However, when granulocytes 
are incubated with target cells sensitized with high concentrations of antibody (i.e., 
human RBC sensitized with anti-A or anti-B antibody or rabbit RBC sensitized with 
sheep antirabbit antibodies), they mediate ADCC and have a metabolic burst similar 
to monocytes. 95,106 

Second, the capacity of unopsonized target cells to trigger an oxidative burst in 
phagocytic cells may vary considerably. The phagocytosis of unopsonized bacteria 
may be associated with some stimulation of the oxidative metabolism of the pha
gocyte cell although the degree response is much lower than that induced by op
sonized organisms. 57 ,107 However, this is not always the case.90,108 For example, 
histoplasma capsulation fails to trigger a metabolic burst in macrophages.108 The 
failure of phagocytic cells to generate ROS may relate to the resistance of this 
organism to intracellular killing. Currently, there is little information concerning the 
capacity of viruses to induce the release of ROS in phagocytes. Abramson et al. I09 

demonstrated that influenza virus stimulates a metabolic burst in both granulocytes 
and monocytes. We have demonstrated that the unopsonized mumps particles used 
for the mumps skin testing induce a oxidative metabolic burst in human monocyte 
suspensions but not granulocyte suspensions.92 By contrast, we were unable to 
demonstrate a similar stimulation with inactivated feline leukemia virus 1 10 or inacti
vated poliovirus (unpublished observations). These observations suggest consider
able variability in the capacity of some infectious agents and antigens to stimulate a 
oxidative burst in phagocytic cells. This seems to be a significant point, since the 
release of ROS by the phagocytic cell in addition to lymphokines might alter the 
primary immune response as a consequence of the capacity of the ROS to modify 
the functional capacity of lymphocytes. 

3. EVIDENCE INDICATING THAT THE ROS PRODUCED BY 
PHAGOCYTIC CELLS MAY ALTER THE FUNCTIONAL 
CAPACITY OF HUMAN LYMPHOCYTES 

Several in vitro model systems have addressed the effects of oxidant stress on 
the functional capacity of human lymphocytes. These systems include the effects of 
(1) periodate on lymphocyte proliferation, (2) hyperoxia on the proliferation of 
lymphocyte cultures, (3) the reactive oxygen species generated by enzyme systems 
on the T- and B-cell function of lymphocytes and finally, (4) oxidant injury in the 
radiation damage to lymphocytes. These systems have provided useful observations 
concerning the possible effects of the reactive oxygen species produced by pha
gocytic cells on a variety of lymphocyte function in vivo. For the most part, the 
results of these studies support the conclusion that oxidant stress to the lymphocyte 
in vivo may be associated with impaired T- and B-cell functions and further that 
these cells may be particularly sensitive to oxidant damage. The information gener
ated in these model systems is discussed briefly in the following sections. 
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3.1. Effect of Hyperoxia on the Proliferation of Human 
Lymphocyte Cultures 
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Human blood lymphocytes that normally will not grow in culture can be 
induced to proliferate after stimulation with nonspecific mitogens such as phy
tohemogglutinin (PHA) , concanavalin A (Con A), and pokeweed mitogen. The 
proliferation of such cultures appears optimal under experimental conditions in 
which the oxygen tensions in the atmosphere used to grow the cultures approximate 
those occurring in ViVO.III-116 In 1968, Anderson demonstrated that PHA stimu
lated human lymphocyte cultures incubated under an atmosphere containing only a 
small increase in oxygen content (30%, rather than the usual 20%) had significantly 
impaired lymphoblastic transformation, and the cultures incubated under 100% 
oxygen had virtually no proliferation at all. 111,112 This impaired proliferation could 
not be explained by a decreased viability of the cells, and no obvious morphological 
abnormality could be demonstrated in the lymphocytes, by electron microscopic 
examination. Studies in our laboratory have similarly demonstrated that hyperoxia 
impairs the LBT of human lymphocytes. liS We have also characterized the carbo
hydrate metabolism of lymphocytes cultures under these conditions. Under hyper
oxia, unstimulated cultures have an increased rate of glycolysis, a slight decrease in 
[1-14C]glucose oxidation, and a significant decrease in [6-14C]glucose oxidation 
(Table I). When the rate of [P4C]glucose oxidation is corrected for the amount 
oxidized by Krebs, or tricarboxylic acid (TCA) cycle activity, there is no significant 

TABLE I. Mean Rates of Glucose Consumptions and 14C02 Production of 3-day 
Unstimulated and Mitogen-Stimulated Lymphocyte Cultures under Air and Oxygen a 

Unstimulated PHA-stimulated 

Glucose Glucose 
consumption [ 1-14C]glucose [6-1 4C]glucose consumption [ P4C]glucose [6-14C]glucose 

Cultures incubated under air, 5% CO2 

Mean 83 5.7 0.90 644 17.0 1.5 
SD 35 0.28 0.15 70 3.3 0.17 
N 6 3 3 7 4 3 
Range 49-101 5.5-6.0 0.7-1.0 552-746 14.4-21.8 1.4-1.7 

Cultures incubated under 95% oxygen, CO2 

Mean 136 5.0 0.33 417 7.9 0.33 
SD 51 0.25 0.06 55 1.4 0.06 
N 6 3 3 7 4 3 
Range 105-225 4.7-5.2 0.3-0.4 350-503 6.3-9.7 0.3-0.4 
ph 0.1 0.05 0.01 0.01 0.01 0.01 

aValues are given in nanomolesll 07 cell per hr. 
bThe data were analyzed according to tests for dependent or independent samples. Results are expressed as mean :<:: 
standard deviation (SO). (From Sagone. 115 ) 
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difference between the HMPS pathway activity of hyperoxic cultures and those 
grown under air. These data suggest that hyperoxia may cause subtle damage to the 
Krebs cycle of these cells without altering glycolysis or the activity of the HMPS 
pathway. Mitogen-stimulated cultures incubated under hyperoxia failed to demon
strate the augmentation in carbohydrate metabolism characteristic of cultures incu
bated under normal oxygen tensionsJ5-77 This observation indicates that the im
paired DNA synthesis of the cultures is not the only metabolic defect induced by 
hyperoxia and that the impaired carbohydrate metabolism of the hyperoxic cultures 
is an additional measure of the oxidant damage. 

It is not clear whether the impaired carbohydrate metabolism induced by hy
peroxia is the major cause for the impaired lymphocyte function. The effects of 
hyperoxia on the Krebs cycle activity of the unstimulated lymphocyte cultures 
suggest this possibility. However, the impaired DNA synthesis and carbohydrate 
metabolism may reflect other cellular defects induced by hyperoxia. These might 
include damage to one or more of the biochemical pathways required for normal 
cellular proliferation. 

Presumably, the damage to lymphocytes caused by hyperoxia is mediated by 
the enhanced intracellular and extracellular production of toxic oxygen metabolites 
from oxygen. These would include an enhanced production of superoxide, hydro
gen peroxide and hydroxyl free radical."7 These are the same reactive oxygen 
species known to be generated by phagocytic cells during a metabolic burst. The 
relatively small increase in P02 (150 to 225 mm Hg) required to impair the prolifer
ation of mitogen-stimulated human lymphocytes suggests that these cells are particu
larly sensitive to oxygen damage and indicates that lymphocytes may have subop
timal concentrations of cellular antioxidants and/or the protective enzyme system 
required to degrade ROS rapidly, particularly in sensitive cellular sites. The mam
malian cell is known to have several mechanisms that normally protect it against 
oxidant damage by ROS. These defense mechanisms include the cellular enzymes 
superoxide dismutase, catalase, and glutathione peroxidase. 117-127 This latter en
zyme requires glutathione as a cofactor, and is linked to the hexose monophosphate 
shunt pathway by the enzyme glutathione reductase. In addition, the mammalian 
cell has several antioxidants such as vitamins E and C. Lymphocytes have similar 
concentrations of superoxide dis mutase , glutathione peroxidase, and glutathione 
reductase, compared with other blood cells. 120,121 However, lymphocytes have low 
concentrations of catalase which may relate directly to their sensitivity to oxidant 
damage. 122 It is clear that glutathione and glutathione peroxidase are important in 
cellular protection against oxidant damage to ROS. Cells deficient in glutathione or 
its related enzymes have increased sensitivity to oxidant damage even in cases in 
which there is an adequate cellular concentration of catalase. 118, 119,124.125 Howev
er, the glutathione system may not be sufficient to protect the cell against H20 2 
injury in the absence of cellular catalase, particularly in situations in which there is 
significant compartmentalization of these enzymes in the cell. 

A second reason for the increased sensitivity of lymphocytes to oxidant 
damage may be related to a low cellular concentration of vitamin C. Vitamin C has 
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the capacity to degrade a number of ROS rapidly, including OH· .120 Lymphocytes 
have been reported to take up less vitamin C from the extracellular medium and to 
have decreased capacity to reduce dehydroascorbate compared with other blood 
cells. 120 

In summary, the effects of hyperoxia on the proliferation of human lympho
cytes demonstrate three points: (1) lymphocytes appear sensitive to oxidant damage, 
(2) oxidant damage under these conditions does not induce cell death but rather 
nonlethal cellular damage, and (3) these observations suggest that a relatively minor 
increase in the release of ROS by phagocytic cells at an inflammatory site might 
suffice to impair lymphocyte function. 

3.2. Role of ROS in Radiation Damage to Lymphocytes 

Human lymphoid cells appear to be relatively sensitive to damage by radiation 
compared with other blood cells and have been demonstrated to have impaired 
function following low-dose irradiation in vitro. 128-132 A similar impairment in 
function has been reported in the blood lymphocytes of patients who have received 
radiation therapy. 133-135 The mechanism of radiation damage to mammalian cells 
is complex and appears to involve multiple mechanisms of damage to the cell that 
can be modified by several repair mechanisms. 136-148 It has been established for 
some time that oxygen enhances the radiation damage occurring in most cells, 
including those of mammals-the oxygen-enhancing ratio (OER).136-140,147,148 
This OER is variable from tissue to tissue. The mechanism for the OER is unclear. 
This OER may be mediated by oxygen itself due to the formation of peroxy radi
cals l36 (see Chapter 12, this volume, concerning the Howard Flanders model of 
oxygen mediated radiation damage). Alternatively, it has been suggested that this 
oxygen-related damage may be mediated by O2 , H20 2, or additional OH· gener
ated by a Haber-Weiss mechanism. 137-140,144-148 This point is currently contro
versial and the subject of considerable study. 

The importance of oxygen in the sensitivity of blood lymphocytes to radiation 
damage is illustrated in Fig. 2. Following low-dose irradiation in vitro, human 
blood mononuclear cells display impaired lymphoblastic transformation to non
specific mitogens. As shown, the sensitivity of human lymphocytes to damage by 
low-dose irradiation was enhanced markedly by oxygen. This observation indicates 
that either oxygen itself or a ROS produced from oxygen during radiation has the 
capacity to cause major damage to the lymphocyte. 

The sensitivity of the lymphocytes to this oxygen-mediated radiation damage, 
similar to their sensitivity to oxidant damage under other conditions, may also relate 
to a decreased capacity of these cells to rapidly degrade ROS.120 

There is evidence that GSH may protect complex cells against radiation 
damage. 147-149 This possibility has been raised by a number of observations. One 
is the study of the effects of radiation on bacteria and human fibroblasts deficient in 
GSH.123,149 These mutant cells are equally sensitive to radiation under anaerobic 
and aerobic conditions and the degree to damage under both conditions is similar to 
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FIGURE 2. Comparison of lymphoblastic trans
formation to PHA after the irradiation of human 
lymphocyte cultures under an air and nitrogen at
mosphere. DNA synthesis was quantitated by the 
[3H]thymidine method. Results are expressed as 
uptake of unirradiated air control. (From Roberts 
et a1. 130) 

that occurring to the normal cells under oxygen. In addition, a number of studies 
indicate that the sensitivity of mammalian cells to radiation injury can be changed 
by modifying their sulfhydryl content. 123,147,148 In general, increasing the cellular 
concentrations of sulfhydryls is associated with resistence, while agents that deplete 
cellular sulfhydryl compounds appear to enhance sensitivity. In some cases, deple
tion of cellular GSH causes a substantial reduction in the OER. In other cases, GSH 
depletion is associated with sensitization of both aerated and hypoxic cultures 
resulting in no net change in the OER. Overall, the effect of sulfhydryl depletion 
may depend on the cell type used for study. 

In this regard, GSH may also protect the lymphocyte against radiation damage. 
Diamide, an agent that rapidly oxidizes GSH, enhances the sensitivity of lympho
cytes (Fig. 3) to radiation damage under hypoxic conditions but not aerobic condi
tions. 150 Similar to other tissues, the mechanism by which GSH protects the lym
phocyte against radiation damage is unclear but may relate to its capacity to reduce 
organic radicals formed by OH·. 130,150 

3.3. Effect of Chemical Oxidation on Lymphocyte Function 

About the same time that Anderson demonstrated that mild hyperoxia impairs 
the proliferative response of lymphocytes to nonspecific mitogens, several groups 
reported that human lymphocytes could be induced to proliferate by periodate, a 
potent oxidizing agent. 151-154 This activation may be secondary to oxidation of the 
terminal sialic acid of membrane glycoproteins or glycolipids to an aldehyde, result-
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FIGURE 3. Effect of diamide and irradiation on the lymphoblastic transformation (LBT) of human 
lymphocyte cultures to PHA. The [3H1Thymidine uptake during the final 4 hr of the 72-hr culture 
was used to quantitate DNA synthesis. Bars indicate mean ±SD of three experiments. Experi
mental values are expressed as percentage uptake of the un irradiated control under air (bar 1). 
The LBT of un irradiated lymphocy1e cultures preincubated under hypoxic conditions (bar 3) were 
similar to the controls preincubated under air (bar 1). These control values range from 4-5 x 104 

cpm/O.2 x 106 lymphocytes. Preincubation of lymphocy1e suspensions with diamide under air 
(bar 2) or hypoxic conditions (bar 4) did not impair LBT. Following X-irradiation (600 rad) in an air 
atmosphere, diamide-treated suspension (bar 6) had an impairment in LBT similar to that in the 
irradiated suspensions without diamide (bar 5). Suspensions irradiated under hypoxic conditions 
were protected (bar 7). However, suspensions incubated with diamide under nitrogen (bar 8) 
had an impairment in LBT similar to suspensions incubated under air (bars 5 and 6). (From 
Sagone.150) 

ing a cellular signal for mitogenesis. 151 Periodate-induced proliferation requires 
careful control of the experimental conditions and is favored by low temperature, 
low concentrations of period ate, a short incubation time, and low pH. The excessive 
oxidation of the membrane by periodate results in a decreased response. 151 A 
similar induction of proliferation occurs following the incubation of lymphocytes 
with neuraminidase and galactose oxidase. 151 This treatment also results in the 
production of membrane aldehydes from galactose. Agents that react with al
dehydes impair the response. 152 Therefore, it seems well established that membrane 
aldehydes are involved in chemical mitogenesis. Chemical mitogenesis is associ
ated with the production of interleukin-2 (IL-2) and the induction of IL-2 receptors 
on sensitive T cells. 155 Therefore, this process appears to be analogous to the 
proliferation induced by nonspecific mitogens. Other lymphocyte functions might 
be similarly activated. It has also been reported that oxidation of cells with periodate 
or neuramindase-galactose oxidase induces enhanced lymphocyte cytotoxicity. 151 

Overall, the results of these experiments suggest that under some circum
stances mild oxidation of the glycoconjungates on the membrane of lymphocytes 
might induce enhanced lymphocyte function in vivo. Chemical mitogenesis appears 
to represent altered lymphocyte function as a consequence of an extracellular oxi-
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dant reacting primary with the cell membrane. The type of oxidant stress in system 
therefore is different from that occurring under hyperoxic conditions or as a conse
quence of radiation in which enhanced amounts of oxidants may be generated both 
intracellularly or extracellularly. 

3.4. Effects of the RDS Generated by Enzyme Systems on the 
Functional Capacity of Lymphocytes in Vitro 

Lymphocytes may be exposed to high fluxes of several ROS during an immu
nological reaction in vivo. Under these conditions, the lymphocyte would be ex
posed to oxidants generated primarily outside the cell. Theoretically, this situation 
would favor the interaction of the ROS with the membrane but, in some cases, 
particularly under conditions in which °2 , H20 2 , or chloramines might be present 
in a high extracellular concentrations, significant amounts of the ROS could reach 
sensitive intracellular sites, causing oxidant damage. Under these conditions, 
damage could occur to the membrane and/or sensitive intracellular sites. Several 
methods have been used to induce oxidant damage to lymphocytes in vitro. These 
include xanthine oxidase enzyme system, the glucose-glucose oxidase enzyme 
system, the H20 2-myeloperoxidase enzyme system, and H20 2 . This approach has 
permitted direct evaluation of the capacity of ROS to damage lymphocytes in the 
absence of other factors that may be released by phagocytic cells during cell-cell 
interaction. The results of these studies indicate that ROS impair several of the 
functions of lymphocytes and are discussed below. 

3.4.1. Effect of Oxidant Damage on the Proliferation of Lymphocytes 
to Nonspecific Mitogens 

Shortly after the reports that hyperoxia and chemical oxidation altered lympho
cyte proliferation, we became interested in the possible effects of the ROS gener
ated by phagocytic cells on the functional capacity of normal blood human lympho
cytes. 156 Initially, we chose to study the effect of the ROS generated by the 
xanthine-xanthine oxidase system (X-XO) on the lymphoblastic transformation of 
human lymphocyte to nonspecific mitogens (PHA). This enzyme system seemed 
ideal, since it had already been reported to generate a sustained release of three of 
the ROS generated by phagocytic cells (°2 , H20 2 , and OH') and appeared analo
gous to the physiology of the metabolic burst known to occur in phagocytic cells. 

The lymphoblastic transformation of mononuclear cell cultures was signifi
cantly impaired and delayed compared with controls following incubation with the 
X-XO enzyme system (Fig. 4). To identify the ROS causing the damage, we 
studied the protective effects of several agents that are scavengers of reactive 
oxygen species. Cultures supplemented with catalase were almost completely pro
tected against the effect of the enzyme system. By contrast, cultures supplemented 
with superoxide dismutase and mannitol scavengers of O2 and OH', respectively, 
were not. Therefore, the oxidant damage to the lymphocytes was mediated pri-
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FIGURE 4. Effect of the ROS scavengers catalase, SOD, and mannitol on the transformation of 
lymphocyte cultures exposed to xanthine (X) and xanthine oxidase (XO). Bar 1 indicates the 
transformation of cultures incubated with PHA alone (controls). Bar 2 indicates cultures incu
bated with the PHA and the enzyme system. The remaining cultures were supplemented with 
catalase (bar 3), SOD (bar 4), or mannitol (bar 5). The scavengers alone did not alter the 
proliferation of the cultures in the concentrations used. (From Sagone et al.' 56) 

marily by H20 2 and not by the O2 or the OH· generated by the enzyme system. 
Recently, Zoschke and Messner46 reported a similar impairment of LBT to con
canavalin A following the incubation of human blood mononuclear cell with the X
XO enzyme system. They also concluded that H20 2 was the ROS mediating most 
of the damage. However, they also believed that OH· might be related to some of 
the damage, since ethanol as well as catalase was protective. 

The impaired LBT cannot be explained by a decreased cell viability since the 
carbohydrate metabolism of unstimulated cultures exposed to the X-XO enzyme 
system was similar to controls l56 (Fig. 5). However, PHA-stimulated cultures did 
not have the augmented carbohydrate metabolism following H20 2 injury charac
teristics of normal cultures. This abnormality is similar to the impaired metabolism 
noted in PHA-stimulated lymphocyte cultures under hyperoxia (see Section 3.1). 

We also studied the capacity of the H20 2 generated by the X-XO oxidase 
enzyme system to permeate the lymphocyte. We demonstrated that there was a 
marked stimulation of the HMPS shunt activity of lymphocytes during incubation 
with the enzyme system indicating the active degradation of H20 2 by glutathione 
peroxidase (Fig. 6). The addition of catalase to the incubation prevented the aug
mented HMPS activity. This experiment confirmed that H20 2 , and not another ROS 
produced by the enzyme system, was related to the stimulation. This observation 
also provides solid evidence that a significant intracellular influx of H20 2 and 
presumably 02 was occurring under these experimental conditions. By contrast, 
purified lymphocyte cultures incubated with X-XO enzyme system oxidized only 
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FIGURE 5. Effect of oxidant injury on the glucose metabolism of unstimulated and PHA-stimu
lated lymphocyte cultures. The mean glucose consumptions and [1-14Clglucose oxidations of 
the cultures over the 3 days of incubation are given at the left and right, respectively. The values 
for the unstimulated cultures (three paired experiments) are indicated by the hatched bars and 
the values for mitogen-stimulated cultures (five paired experiments) by the solid bars. There is 
no significant difference in the rate of glucose consumption (p > 0.2) or [1-14C]glucose oxidation 
(p > 0.5) in the unstimulated cultures incubated with the xanthine-xanthine oxidase (X-XO) 
enzyme system compared with the controls. The rate of glucose consumption (p < 0.01) and 
[1-14Clglucose oxidation (p < 0.05) of the PHA-stimulated culture, incubated with the X-XO 
enzyme system, are significantly lower than the corresponding values of the PHA-stimulated 
controls. Values for the PHA-stimulated cultures are significantly higher than those of the corre
sponding unstimulated cultures. (From Sagone et a1. 156) 

small amounts of formate, suggesting little H20 2 degradation by intracellular cata
lase. Furthermore, the addition of azide to the cultures enhanced oxidant damage, 
suggesting an importance of intracellular catalase in the protection of the blood 
mononuclear cells against oxidant damage. 

Other methods have been used to induce oxidant damage to lymphocytes in 
addition to the X-XO enzyme system. These include the addition of hydrogen 
peroxide to lymphocyte cultures,41 the production of H20 2 by the glucose-glucose 
oxidase system,46 H20 2 produced by the interaction of penicillamine and cerulo
plasmin or copper,IS7 and the H20 2-myeloperoxidase enzyme system. IS8 In the 
latter system, both H20 2 and H20 2 generated by the glucose-glucose oxidase 
system have been used as a source of substrate. In all cases, H20 2 impairs the 
proliferation of lymphocytes to nonspecific mitogens. 

In summary, H20 2 impairs the capacity of human lymphocytes to proliferate in 
response to nonspecific mitogens in a similar manner to hyperoxia (see Section 3.1) 
and by a mechanism that does not involve the significant death of the cell. It is of 
interest that this damage to lymphocytes occurs in spite of active intracellular 
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FIGURE 6. Effect of the xanthine and xanthine oxidase on the oxidation of [1-14C)glucose by 
lymphocytes in short-term culture. The curves represent a continuous measurement of 14C02 

production by lymphocyte suspensions in buffer using the ionization chamber electrometer 
system. The curves were drawn using the data points from a single experiment and are repre
sentative of four experiments performed. The y axis indicates the electric signal (in mY) gener
ated by 14C02 in the ionization chamber. Signal generated by: untreated suspensions 
(- - -); suspensions supplemented with xanthine and xanthine oxidase (-). As indicated by 
the arrow, the addition of the enzyme system resulted in a prompt but transient increase in the 
oxidation of [1-14C)glucose. The addition of substrate or the enzyme alone did not effect the 
oxidation of [1-14C)glucose. (From Sagone et a1. 156) 

degradation of the H20 2 by the HMPS pathway of these cells and may relate to a 
low concentration of catalase in these cells. 

3.4.2. Effect of ROS on the NK Activity and ADCC of Lymphocytes 

Other studies have demonstrated that H20 2 similarly impairs other lymphocyte 
functions. These include the NK activity of lymphocytes against tumor target cells 
as well as their capacity to kill antibody-sensitized tumor cells (ADCC).45,159-160 
Also, H20 2 impairs the Staphylococcus protein A induction of human B-cell colony 
formation. 161 The concentrations of H20 2 required to impair these latter functions 
are in the range of 0.1 mM. 45,159-161 It is of interest that similar concentrations of 
H20 2 do not impair the capacity of monocytes to mediate ADCC suggesting that 
lymphocytes are more sensitive to oxidant damage than monocytes. 41 Furthermore, 
it has been suggested that the capacity of monocytes to rapidly degrade H20 2 may 
protect lymphocytes against oxidant damage. 157 , 158 This seems consistent with the 
observation that monocytes have a much higher concentration of catalase than 
lymphocytes. 122 

There is also evidence that H20 2 damage to T and B lymphocytes is associated 
with membrane alteration and/or impair microtubular function. These cells lose 
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their capacity to bind sheep RBC (rosette assay), have a decreased percentage of 
cells with surface IGG and have impaired Con A capping following H20 2 injury. 162 

3.4.3. Possible Role of the Myeloperoxidase Enzyme System 
in Oxidant Damage to Lymphocyte 

The H20 2-myeloperoxidase system has been used to induce oxidant injury to 
lymphocytes. This physiological enzyme system serves an important role in the 
capacity of phagocytic cells, particularly granulocytes, to kill microorga
nisms. 159,163 Recent studies indicate that the ROS produced by this enzyme system 
may also cause oxidant damage to a variety of target tissues. 159 These include 
endothelial cells, tumor cells, platelets, and RBC.159.164.165 In addition, HOCI and 
chloramine have the capacity to inactivate or activate extracellular enzymes. 166, 167 
Under some circumstances, myeloperoxidase may be released from phagocytic cells 
in vivo. Therefore, significant concentrations of HOC! or the stable oxidants de
rived from HOCI (chloramine) might develop at an inflammatory site. 21- 23 Either 
of these reactive species potentially could induce altered lymphocyte function. 

Recently, El-Hag and Clark and co-workers studied the capacity of the H20 2 
myeloperoxidase enzyme system to impair lymphocyte functions. 158, 159 They 
found that the addition of myeloperoxidase significantly reduces the concentration 
of H20 2 required to induce oxidant damage to both T and B lymphocytes. These 
observations suggest the possible importance of this enzyme system in oxidant 
damage to lymphocytes during cell-cell interaction. 

3.5. Possible Differences in the Sensitivity of T and B Cells 
to Oxidant Damage 

A number of studies have suggested that T and B cells may have a different 
sensitivity to oxidant damage. 158,168 Furthermore, some subsets of T cells, such as 
suppressor cells, may be particularly sensitive. 132 Recent studies by El-Hag et 
al. 158 have compared the sensitivity of a variety of T - and B-cell function to oxidant 
damage. These workers studied the effect of H20 2 injury with and without my
eloperoxidase on the NK activity of lymphocytes, the proliferation of lymphocytes 
to the nonspecific mitogens and the generation of immunoglobulins secreting cells 
by pokeweed. All these lymphocyte functions could be impaired by oxidant injury. 
In all cases, the injury was greatest when the cultures were incubated with both 
H20 2 and MPO. However, similar results were found with H20 2 alone when the 
concentration used in the cultures was high enough. The formation of antibody
secreting cells to pokeweed proved most sensitive, while the proliferative response 
to pokeweed mitogen was found most resistant. The sensitivity of the lymphocyte 
proliferative responses to PHA and Con A as well as NK appeared to be intermedi
ate. El-Hag et al. suggested the following rank order of sensitivity: B (or T helper) 
> NK 2: T. These results suggest that there may be a range of sensitivities of T - and 
B-lymphocyte subpopulations to oxidant damage. The complex nature of these 
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systems, however, makes it difficult in some cases to identify the precise mecha
nism involved in the altered response. 

4. EVIDENCE THAT THE PRODUCTION OF ROS 
BY PHAGOCYTIC CELLS CAN ALTER 
LYMPHOCYTE FUNCTION 

The results generated in the model systems discussed in Section 3 provide 
relatively solid evidence that oxidants may modify lymphocyte function. However, 
the obvious question is whether similar impairment of lymphocyte function occurs 
during cell-cell interaction in vivo in patients with a variety of diseases. The studies 
discussed in this section suggest that this is a likely possibility. 

4.1. Evidence That the Release of ROS by Phagocytic Cells May 
Impair the NK Activity of Lymphocytes 

A subset of T lymphocytes have the capacity to selectively recognize and kill 
target cells (NK activity) 169 and may therefore play an important role in the primary 
host defense, particularly against tumors, and infections. Similarly, a subset of 
lymphocytes is able to mediate cytotoxicity against the antibody-sensitized target 
cells (ADCC).170 In 1981, Seaman et al. l69 reported that the NK activity of human 
blood mononuclear cells could be suppressed by the phorbol diester tumor promot
ers. The suppression of NK activity by these agents correlated with their potency as 
tumor promoters. The suppressive effect could be reduced if peripheral blood 
mononuclear cells (PBMC) were depleted of adherent cells indicating the impor
tance of the monocyte in the suppressor activity. 169 In a subsequent study,45 the 
same group evaluated the role of the ROS generated by monocytes as a mechanism 
for this suppressor activity. The NK activity of PMBC against the K 562 cells was 
decreased following incubation with (12-o-tetradecanoylphorbol-13-acetate) (TPA) 
or opsonized zymosan. Both agents stimulated the production of 02 and H20 2 by 
mononuclear cells. When PBMC were depleted of adherent cells, both the produc
tion of ROS and suppression of NK activity were virtually ablated. The activity 
could be restored by adding back either monocytes or granulocytes to the incuba
tion. By contrast, the addition of granulocytes of patients with chronic gran
ulomatous disease (CGG) that lack the capacity to generate ROS did not restore the 
suppressive effects. Scavenger studies were then done to identify the ROS primarily 
related to the damage. Catalase provided the most protection, while scavengers of 
OH· (mannitol, ethanol), were ineffective. Some protective effect of SOD was also 
observed. Azide, cyanide, and aminotriazole were also studied to evaluate the 
possible role of myeloperoxidase in the reaction. None of these agents provided a 
protective effect, and in fact the suppresion was enhanced in the experiments with 
zymosan. Therefore, MPO activity did not appear to be essential for the suppressor 
activity. It remains unclear what role the MPO pathway may play in the ROS 
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induced injury to lymphocytes, even though injury by the H20 2 of MPO enzyme 
has been shown to impair several lymphocyte function (see Section 3.4). Further
more, the possibility that the stable oxidants produced from this system (chlor
amines) may have the capacity to induce oxidant damage has, as yet, not been the 
subject of extensive study. This seems an important point since the half life of these 
ROS at an inflammatory site may be much longer than the other ROS generated by 
phagocytic cells. 21 - 23 

There are other reports confirming that stimulated phagocytic cells may medi
ate suppressor cell activity against lymphocyte NK.171 In some studies, nonox
idative mechanisms have also been suggested for the phagocytic cell-mediated 
suppression of NK or ADCC activity. 172, 173 This latter observation is consistent 
with other reports indicating that monocytes and granulocytes have two mechanisms 
for mediating cytotoxicity. 93,95,98,99,174 

The capacity of TPA to suppress the NK activity of PBMC has led to one 
additional area of investigation, the capacity of TPA to stimulate the NK activity of 
purified lymphocyte cultures. l7l Under these conditions, lymphocytes incubated 
with PMA have increased NK activity after approximately 24 hr in culture. The 
capacity of PMA to increase an activity is synergistic with other agents known to 
induce the NK activity of lymphocytes such as IFN or IL-2. 

4.2. Evidence That ROS Released by Phagocytic Cells Can Alter 
Lymphocyte Proliferation 

4.2.1. Experiments in Which Phagocytic Cells Have Been Stimulated to 
Release ROS during Coculture with Lymphocytes 

Several recent studies have established that the ROS released by monocytes 
and granulocytes suppress human lymphocyte mitogenesis. 41 ,46,175 Zoschke and 
Messner studied the capacity of monocyte and granulocytes stimulated with a vari
ety of agents to suppress lymphocyte mitogenesis to Con A. The agents studied 
included PMA, the chemotactic peptide n-formyl L-methionyl-Ieucyl,phenylalanine 
(FMLP), opsonized zymosan particles, and heat-aggregated "i-globulin. 

The results with PMA are of particular interest, since this compound is known 
to be a potent stimulator of the oxidation metabolism of phagocytic cells (see Fig. 
1), as well as a mitogen for human lymphocytes. This is not true of other mitogens 
such as PHA, Con A, and pokeweed mitogen. The PMA induced transformation of 
human blood mononuclear cells containing 20% monocytes and 80% lymphocytes 
could be augmented by the addition of catalase to the cultures, indicating that the 
H20 2 released by the monocytes could suppress mitogenesis. By contrast, the 
addition of scavengers of 0i and hydroxyl radical had no effect. As expected, the 
protective effect of catalase was not observed in PMA-stimulated lymphocyte 
cultures depleted of monocytes «5%) confirming that the monocyte were related to 
the suppressor activity. In contrast to PMA cultures, there was no augmentation of 
LBT in Con A-stimulated cultures supplemented with catalase. This observation 
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confirms that Con A, similar to PHA, does not stimulate a significant metabolic 
burst or release of ROS in phagocytic cells. When PMA was added to Con A
stimulated cultures as a comitogen, the LBT was not greater than that observed with 
either mitogen alone. However, the addition of catalase to the cultures augmented 
their proliferation twofold, again indicating suppressor activity due to the release of 
H20 2 from monocytes. In this regard, the catalase had to be added early in the 
cultures to provide a protective effect. Similar results were found in experiments in 
which lymphocytes were cocultured with granulocytes rather than monocytes. 

Suppression of LBT to Con A was also observed when lymphocyte-gran
ulocyte cultures were stimulated with opsonized zymosan particles, FMLP, and 
aggregated immunoglobulin. Varying degrees of suppression were observed, de
pending on the stimulant used. Catalase added to the cultures again protected 
against this suppressive effect, although in some cases this protection was not 
complete. Finally, similar experiments were done using the blood cells of patients 
with CGD. As opposed to normals, the LBT of the lymphocyte cultures of CGD 
patients was not inhibited by PMA stimulation of their phagocytic cells. However, 
catalase-reversible suppression could be shown when normal phagocytic cells were 
cocultured with the lymphocytes of these patients. 

We have also studied the capacity of the H20 2 released by PMA-stimulated 
blood mononuclear cell cultures to alter PMA -induced mitogenesis. 41 We found 
that the addition of catalase to PMA-stimulated cultures augmented their LBT (see 
Fig. 7). As expected, catalase did not alter the proliferation of mononuclear cell 
cultures stimulated by PHA, since the mitogen does not stimulate an immediate 
release of ROS. 

Our measurements indicate the concentration of H20 2 reached values as high 
as 0.008 mM under our culture conditions. Since factor(s) released by monocytes 
also appears to augment lymphocytic transformation,176 we evaluated the pos
sibility that the monocyte might be autooxidized by its own ROS, thereby impairing 
its own function. However, we were unable to demonstrate impaired monocyte 
ADCC following incubation with 0.1 mM H20 2 , a concentration known to ablate 
the NK and ADCC of lymphocytes. 160 Of interest is the observation that monocytes 
pretreated with azide and then exposed to H20 2 had a marked suppression of the 
ADCC activity «90%). This observation suggests that catalase protects these cells 
against oxidant damage; it also supports the idea that the greater sensitivity of 
lymphocytes to oxidant damage is related to a low concentration of catalase in these 
cells. 

Overall, the results of the experiments discussed above indicate that the H20 2 

released by phagocytic cells directly injures one or more subpopulation(s) of lym
phocytes required for optimal T-cell proliferation. However, the possibility that the 
effect of low fluxes of H20 2 can augment the function of some cells such as 
suppressor cells cannot be excluded. Also, the effects could be secondary to an 
altered function of the lymphokines required for LBT. Furthermore, it is possible 
that oxidant damage may be associated with multiple sites of injury. 

Other studies have documented that oxidant damage impairs B-cell function. 
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FIGURE 7. Effect of catalase on the LBT of mononuclear cells to PMA and PHA. The y axis 
indicates the thymidine uptake of the cultures (in cpm). The results indicate the mean ± 1 SD for 
four paired experiments. The mean value for cultures with PMA is significantly lower than that for 
PMA-treated cultures supplemented with catalase p < 0.02). (From Sagone et a1. 41 ) 

Whisler and Newhouse 161 reported that the endogenous release of H20 2 as well as 
prostaglandins by mononuclear cells inhibited the formation of human B-cell colo
nies stimulated by protein Staph A. Also, the inhibition of colony formation follow
ing the addition of lipopolysaccharide (LPS) to the cultures could be reversed by the 
addition of catalase or indomethacin. These observations indicate that the H20 2 and 
prostaglandins released by monocytes were related to the LPS-induced suppressive 
effect. These results provide evidence that the amount of H20 2 released by pha
gocytic cells is also sufficient to alter B-cell function. In both cases, the stimulus 
(protein Staph A and LPS) probably induce the direct release of H20 2 by the 
monocytes. 

Archibald et al.100 recently demonstrated that an antigen-antibody complex
bovine serum albumin (BSA) with anti-BSA-or aggregated "{-globulin bound to B 
lymphocytes triggers a respiratory burst in neutrophils. This is indicated by the 
generation of chemiluminescence by the PMN during coculture with the lympho
cytes. These investigators also demonstrated that the lymphocytes had an impaired 
proliferation to pokeweed mitogen but not to PHA mitogen after periods of 
coculture with the granulocytes. The impaired response could not be explained by 
decreased viability of the cells. This is an interesting system in which the lympho
cytes trigger the PMN to release ROS, which then impair the functional capacity of 
the lymphocytes. The authors suggest that the stimulation of PMNs by lymphocyte 



RESPIRATORY BURST AND LYMPHOCYTE FUNCTION 179 

surface-bound immune complexes might lead to similar lymphocyte damage in 
vivo. 

4.2.2. Studies That Have Evaluated the Effect of the Spontaneous 
Release of ROS by Phagocytes on Lymphocyte Proliferation 

Numerous recent reports have established the importance of ROS in the func
tional capacity of activated macrophages, particularly in their bacterial and tumor
cidal activities. These cells are also known to have the capacity to suppress lympho
cyte function. 177-180 Similarly, the blood monocytes and granulocytes of patients 
with inflammatory and malignant disorders have been reported to have activated 
oxidative metabolism and function. 175,181-186 Presumably, this activation is asso
ciated with the release of ROS in vivo and suggests that the release of ROS by 
activated phagocytes might be one mechanism for the suppression of lymphocyte 
function found in several groups of patients. In this regard, several recent studies 
have evaluated the possible role of ROS in the suppressor cell activity of activated 
phagocytic cells against lymphocytes. 

Metzger et al. 179 in 1980 reported that peritoneal exudate cells (PEC) induced 
by Corynebacter parvum or thioglycolate could suppress the proliferation of murine 
splenic lymphocytes to Con A in vitro. 179 At 2: lO ratio, the macrophages totally 
suppressed lymphocyte transformation. At a lower macrophage-to-lymphocyte 
ratio, partial suppression occurred (60-68%). Partial suppression of approximately 
50% could be demonstrated in cultures incubated with prostaglandins EI and E2 
(PGEI and PGE2) in high concentrations (10-8-lO-5 M). The suppression did not 
occur with similar concentrations of PGF2a . These concentrations of prostaglan
dins were higher than those generated by the PEC during cocultures with the 
lymphocytes. Therefore, the release of prostaglandins from the PEe did not entirely 
explain the suppressive effect on lymphocyte function. The possible role of H20 2 
and of prostaglandins in this suppressor cell activity was then evaluated by adding 
catalase and indomethacin to the cultures. The addition of either indomethacin or 
catalase could protect the partially suppressed cultures. These agents were relatively 
ineffective, however, in protecting the totally suppressed cultures. The simul
taneous addition of catalase and indomethacin to these cultures provided complete 
protection against macrophage-mediated suppression. These experiments suggest 
that the suppressive effects of PEC against lymphocytes was mediated by both 
prostaglandins and H20 2. While the precise mechanism involved in the protective 
effects of catalase and indomethacin in this system is not entirely clear, the experi
ments provide evidence that H20 2 may be involved in the suppressor activity of 
macrophages in vivo and seem to approximate conditions in vivo in which lympho
cytes would be exposed chronically to H20 2 . 

It has been established for some time that patients with Hodgkin's disease have 
impaired cellular immunity .180,187,188 These patients have impaired skin reactivity, 
and their blood lymphocytes have impaired proliferation following stimulation by 
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nonspecific mitogens in vitro. Recent studies evaluated the possibility that this 
impaired lymphocyte function might be due to the release of H20 2 by the mono
cytes in the cultures.I80.I87 However, while the results of these studies are of 
interest, they proved to be complex.I80.I87 As expected, the blood mononuclear 
cells (PMBC) of most Hodgkin's disease patients had an impaired proliferation to 
PHA. When the PBMC were depleted ofmonocytes, the proliferation was enhanced 
indicating that monocytes were suppressing the response by some mechanism. 
When catalase was added to the cultures, no protective effect was observed, appar
ently excluding H20 2 as a major mediator of the suppressor activity. By contrast, 
the addition of indomethacin augmented the proliferation of the cultures in a similar 
manner to monocyte depletion, suggesting that release of prostaglandin by the 
monocytes was one mechanism for the suppression. Unexpectedly, the simul
taneous addition of catalase and indomethacin further augmented the LBT of 
cultures, including those of normals as well as those from the patients. Overall, the 
response still remained significantly impaired in the patient cultures compared with 
those of normals. The failure of catalase and indomethacin to provide complete 
protection indicates that additional factor(s) besides prostaglandins and H20 2 relate 
to the impaired LBT of these cells. Fisher and Bostick-Bruton I 80 concluded that the 
T cells of patients with Hodgkin's disease probably have an intrinsic defect as a 
major etiology for their impaired function. The mechanism for the enhanced re
sponse in cultures with catalase and indomethacin is unclear. One explanation for 
the effect may be in the capacity of prostaglandins to inhibit the production of H20 2 

by monocytes. I89 While these studies do not establish a causal relationship between 
the release of ROS by monocytes and the impaired T-cell function of Hodgkin 
patients, they do provide additional evidence that the release of ROS by phagocytes 
may alter lymphocyte proliferation. 

Thus far, the effects of the ROS released by activated granulocytes on the 
functional capacity of lymphocytes does not appear to have been the subject of 
extensive evaluation. Niwa et al. I75 recently reported that the stimulated neutrophils 
from the synovial fluid with rheumatoid arthritis can alter the function of lympho
cytes. The release of ROS by the unstimulated and zymosan-stimulated gran
ulocytes from the joints of these patients was enhanced compared with blood gran
ulocytes of normal persons. The coculture of these activated granulocytes with 
patient and normal lymphocytes for 17 hr resulted in a decreased number of OKT 4 + 

and OKT 8 + cells and an impaired response to nonspecific mitogens. The lympho
cytes could be protected by the addition of catalase and SOD, indicating that the 
suppressor effect was mediated by the release of ROS from these cells. These 
results demonstrate that the ROS released by activated granulocytes have the capac
ity to impair lymphocyte function. 

4.3. Role of the Lymphocyte in the Metabolic Burst 

Numerous reports indicate that lymphocytes, in contrast to phagocytic cells, 
lack the capacity to undergo a metabolic burst. There is some evidence, however, 



RESPIRATORY BURST AND LYMPHOCYTE FUNCTION 181 

that OH· may be involved in the functional capacity of these cells. Hydroxyl 
scavengers have been reported to inhibit the proliferation of human lymphocyte 
cultures to nonspecific mitogens. 79 The mitogenesis induced by PMA is much more 
sensitive to inhibition than that induced by PHA or Con A. Hydroxyl scavengers 
also impair the proliferation of mouse thymocyte cultures to IL-2. 

These observations suggest that OH· is involved in some way in mitogenesis. 
The mechanism is not clear and needs further study. These studies are of interest, 
however, since they represent one of the few observations in the literature that 
indicate that oxidants may enhance lymphocyte function during cell-cell interac
tion. 

Also, some reports indicated that OR- may be related to the NK activity of 
lymphocytes. 80 If so, these cells may have a burst in OH· production after conjugate 
formation with the target cell. This evidence is based primarily on scavenger studies 
and therefore represents indirect evidence for the production of OH· in this cell. 
However, recent reports have also suggested a role of the lipoxygenase pathway in 
NK activity. 190 This pathway has been shown to produce OH· in other cells, 191 so it 
is possible that OH· production could occur in the lymphocyte by this pathway as 
well. This explanation could link the role of the Jipoxygenase pathway and OR- in 
the NK activity of lymphocytes. 190 Another possible source of OH· production in 
lymphocytes could be microsomes, which have been established to generate OH· 
(see Chapter 12). If lymphocytes do produce OH· under some circumstances, this 
ROS might alter the function of other cells, particularly some subpopulations of 
lymphocytes. 79 

Finally, activated lymphocyte subsets are known to produce a number of 
factors (lymphokines) such as interleukin, interferon, and peroxide stimulating 
factor that may activate both lymphocytes and phagocytic cells. 69-72 Such activated 
phagocytic cells, once stimulated, should release increased amounts of ROS and 
have increased suppressor cell activity. Whether such a feedback mechanism plays 
a physiological role in the immune response would seem to be of interest. 

5. SUMMARY 

The studies that have been discussed indicate that the ROS released by pha
gocytic cells can impair the functional capacity of blood T and B lymphocytes. This 
sensitivity of lymphocytes to HzOz may relate to a low concentration of catalase 
and/or other antioxidants in these cells. The major ROS shown to cause injury in 
these in vitro systems has been HzOz, but it seems likely that the other ROS released 
by phagocytes might also impair lymphocyte function under some conditions in 
vivo. While chemical mitogenesis suggests that oxidants might augment lympho
cyte function under some conditions, thus far, only a few reports indicate that this 
occurs during cell-cell interaction. 

Presumably, impaired lymphocytes function might occur in patients with a 
variety of diseases. However, establishing a cause-effect relationship between the 
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release of ROS by phagocytic cells in vivo and an impaired lymphocyte function is 
more complicated. Phagocytic cells are known to have nonoxidative mechanisms as 
well as oxidative ones for injurying target cells. Therefore, the differentiation of 
oxidative and nonoxidative damage to lymphocytes by phagocytic cells may prove 
difficult. Also, other factors may alter lymphocyte function in vivo. These include 
prostaglandins, lymphokines, and serum factors, to mention a few. Furthermore, 
the situation may be even more complex in some groups of patients, such as those 
with cancer. Recently, neoplastic cells have been shown to release factors that 
impair the functional capacity of both lymphocytes and phagocytic cells. 192-194 In 
spite of the complex nature of the immune system, it seems likely that future studies 
will establish that the ROS generated by phagocytes have an important role in 
regulating the immune response in vivo. 
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