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Abstract--Since the early work of Mischell & Dutton (Science 153, 1004-1008, 1966), it has been recognized 
that certain lymphocyte cultures are exquisitely sensitive to the harsh effects of atmospheric oxygen tension. 
The influence of oxygen partial pressure (pO:) on normal human peripheral blood mononuclear cell (PBMC) 
phenotype, proliferative ability, cytokine, immunoglobulin production, and redox status was examined by 
culturing PBMC under ambient oxygen (high pO2) or a more physiological pO~ (5% O~; low pO2). Low pO2 
conditions promoted a significant increase in overall viable PBMC number and enhanced Concanavalin A 
(Con A)- or pokeweed mitogen (PWM)-stimulated PBMC proliferation by approximately 30% and 50%, 
respectively. No differential pO2 effects were apparent on phytohemagglutinin (PHA)- or staphylococcal 
enterotoxin B (SEB)-induced proliferation. Both resting and Con A-stimulated lymphocytes incubated for 
24 h under high pO2 had a greater baseline carboxy-2',7'-dichlorofluorescin (C-DCF) fluorescence, and were 
less able to quench the effect of H202 treatment compared to lymphocytes cultured under low pO2 conditions. 
Supernatant ~,-IFN, IL-2, and IL-4 concentrations were elevated 50-65% when PBMC were stimulated with 
Con A for 24 h under low pOz; however, lipopolysaccharide (LPS)-stimulated IL-13 production was reduced 
by over 75%. PWM-stimulated IgM production by PBMC was significantly reduced in day 7 cultures incubated 
under low pO2, whereas IgG and lgA production remained relatively unaltered. Immunophenotyping analyses 
did not reveal any significant alterations in cell subset or marker distribution at the time points examined; 
however, an interesting trend of increased CD69 expression was observed for Con A-stimulated PBMC 
incubated under low pO2. These results demonstrate that O2 is a critical parameter for the in vitro culture of 
lymphocytes, and suggests that varying pO2 may differentially alter PBMC functionality. (C 1997 International 
Society for Immunopharmacology. 
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Many traditional in vitro laboratory procedures 
evolve and are often shaped by convenience over 
physiological relevance. One such practice may be the 
culturing of  lymphocytes under atmospheric oxygen 
(02). It has been known for more than a century that 
O: can be toxic if absent or in excess (reviewed by 
Haugaard,  1968). Oxygen toxicity is associated with 
the generation of  reactive oxygen intermediates (ROD 
(reviewed by Bostek, 1989). RO!  may act directly by 
oxidizing cell surface constituents or other protein 
thiols, or indirectly by depleting intracellular reducing 
equivalents such as glutathione (GSH), thereby alt- 
ering the functional state of  the cell (Noelle & Lawr- 
ence, 1981; Kanner  et al., 1992). 

In vivo lymphoid cells usually enjoy an oxygen par- 
tial pressure lpO2) of  20-80 torr (2.6-10.5% O2), 

whereas typical in vitro cell culture systems utilize 
ambient air containing about  20% 02 (pO2 = 150 torr), 
approximately a four-fold greater O2 concentrat ion 
than the average physiological pO~. Oxygen tension 
mapping studies using ~gF and magnetic resonance 
imaging confirmed murine splenic pO2 to be approxi- 
mately 30 torr (Dardzinski & Sotak, 1994). Many 
primary cultures perform optimally at 5 % O: (Richter 
et al., 1972; Bradley et al., 1978; Knor r  et al., 1993). 
In addition, it has recently been demonstrated that 
the long-term culturing of  transformed human and 
murine myeloid cell lines under high (ambient O2/pO2 
150 torr) and low (5% 02/pO2 40 torr) PO2 induced 
significant differential phenotype changes in free sur- 
face thiol expression, total GSH content, and sen- 
sitivity to hydrogen peroxide (Lawrence et al., 1996). 

¢Author to whom correspondence should be addressed. 
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It has been demonstrated that pO2 may influence the 
growth, genotype, and phenotype of different hem- 
atopoietic cell lines (Smith & Broxmeyer, 1986; Year- 
gin et  al., 1993; Lawrence et  al., 1996), and it was 
therefore hypothesized that a change in pO2 may alter 
the phenotype or activity of a particular subset in a 
mixed cell population such as peripheral blood mono- 
nuclear cells (PBMC). 

Currently, there are limited data relating to the in 
vitro effects of pO2 on commonly monitored human 
lymphocyte assay endpoints, such as cytokine or anti- 
body production and phenotypic distribution. 
Although it has been well documented that lowering 
pO2 can enhance in vitro proliferation and longevity 
of a number of murine and human fibroblastic and 
hematopoietic cell types (Richter et al., 1972; Bradley 
et  al., 1978; Colinas et  al., 1995; Saito et al., 1995), no 
study has until now addressed the effects of pO2 on 
the functionality of normal human lymphocytes. 

EXPERIMENTAL PROCEDURES 

34yr) into evacuated tubes + ethylenediamine tetra- 
acetic acid (EDTA) (Vacutainer, Becton Dickinson, 
Rutherford, N J) for cells and serum, respectively. 
Blood was obtained between 8.00 and 10.00a.m. to 
minimize the effects of circadian variation on endpo- 
ints assayed. PBMC were isolated by Ficoll-Paque 
density gradient centrifugation in either an ambient 
air (high 02) biohazard hood or low 02 gassed glove 
box (5% 02, 7% CO2 and 77% N2) where subsequent 
manipulations of cells in high or low 02 treatment 
groups, respectively, were undertaken. After washing, 
PBMC were placed in complete medium (RPM! 1640 
supplemented with non-essential amino acids ( 1:100), 
sodium pyruvate 1 mM, sodium bicarbonate 1 mg/ml. 
gentamicin 10/~g/ml, and 5% FBS or autologous 
serum (AS)). Cells were cultured as described in com- 
plete medium in a high (93% air and 7% CO2) or low 
02 incubator at 37~C. Low 02 incubator con- 
centrations were maintained by N2 infusion controlled 
by an Oxyreducer (Reming Bioinstruments, Redfield, 
NY). 

Mater ia l s  

Carboxy-2',7'-dichlorofluorescin diacetate (C- 
DCF) was obtained from Molecular Probes (Eugene, 
OR). Concanavalin A (Con A), hydrogen peroxide 
(H202), propidium iodide (PI), E. coli lipopoly- 
saccharide (LPS), and staphylococcal enterotoxin B 
(SEB), were purchased from Sigma Chemical Co. (St 
Louis, MO). Standardized pokeweed mitogen (PWM) 
was obtained from GIBCO (Gaithersburg, MD), 
whereas the standardized phytohemagglutinin (PHA) 
was from Murex Diagnostics Ltd. (Dartford, U.K.). 
RPMI-1640 (with L-glutamine) and medium additives 
were from Biowittaker Inc. (Walkersville, MD) except 
for the fetal bovine serum (FBS) which was from 
Hyclone (Logan, UT). Ficoll Paque was from Phar- 
macia (Uppsala, Sweden) and enzyme-linked immu- 
nosorbent assay (ELISA) antibodies were purchased 
from PharMingen (San Diego, CA) or Tago Inc. (Bur- 
lingame, CA) unless included as part of a kit. Flu- 
orescein isothiocyanate (FITC)- and phycoerythrin 
(PE)-labelled monoclonal antibodies (mAb) and iso- 
type controls were obtained from either (Becton Dick- 
inson, San Jose, CA) or PharMingen (San Diego, CA). 
The IL-4 standard was provided by the National Insti- 
tute for Biological Standards and Control (Fredrick, 
MD). All aqueous reagents used in low O2 experiments 
were pre-equilibrated at 5% O2 when necessary. 

Cell  cul tures a n d  t rea tments  

After informed consent, peripheral blood was 
drawn from normal healthy human donors (aged 22- 

Determina t ion  o f  viable cell number,  p h e n o t y p e  and  
redox  s ta tus  

Cell viability was determined by a standard flow 
cytometric PI exclusion assay as described previously 
(Walsh et  al., 1995). 

Phenotyping of PBMC was accomplished using 
FITC- and PE-conjugated mAbs on a FACScan with 
Lysis II data analysis software (Becton Dickinson, 
San Jose, CA). PBMC (1 x l 0  6 cells/ml) in complete 
medium/5% F B S + C o n  A (5/~g/ml), were cultured 
under high or low 02 conditions. On days 1, 3 and 5 
cells were aliquoted from flasks, washed and stained 
with fluorescent mAb, PI, or isotype control according 
to manufacturers' instructions. Cells were washed to 
remove non-specifically bound mAb and 10000 
ungated events per sample were collected. Data were 
then analysed after gating as to light scatter (cell size), 
isotype control and CD45 + cells. 

As a measure of PBMC redox status, baseline oxi- 
dant levels and the capacity to reduce exogenous H202 
were determined by a flow cytometric method employ- 
ing C-DCF, a fluorescein analogue that increases 
emission intensity as it becomes oxidized in cells, as 
described for DCF with a few modifications (Bass et 
al., 1983). PBMC (1 x 106 cells/ml) in complete med- 
ium/5% FBS_+ Con A (5/~g/ml) were cultured under 
high or low 02 conditions for 24 h. Cells were washed, 
placed in Hank's buffered saline solution (HBSS) con- 
taining C-DCF (5/~M) and incubated under the for- 
mer conditions for 15 min. After washing and viability 
assessment, one half of each group was treated with 
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H20,, (50#M) and C-DCF fluorescence (FL1) was 
determined 15 rain later using a FACScan as described 
above. 

Lymphocyte and monocyte populations were ana- 
lysed separately via light scatter gating. Cell lysis con- 
trol experiments showed that C-DCF uptake was 
similar for high and low pO2 treatment groups. 
Results are expressed as log mean channel flu- 
orescence for the lymphocyte fraction. 

Prol(]i, ration analysis 

[3H]-thymidine incorporation was employed as a 
measure of PBMC proliferation. PBMC (2 x 105) in 
200~1/well complete medium/5% AS_+Con A 
(5ttg/ml), PWM (1:200), PHA (1:200), or SEB 
(1 ttg/ml) were incubated in 96-well microtiter plates 
for time intervals indicated under high or low 02 con- 
ditions. Mitogen concentrations were previously tit- 
ered to be optimal at 20% 02. Cells were pulsed with 
0.5 pCi/well [3H]-thymidine (specific activity 
6.7 Ci/mmol; Dupont -NEN,  Wilmington,  DE) during 
the last 6h  of culture. PBMC were harvested and 
culture-radioactivity quantified in a liquid scintillation 
counter (Beckman, Fullerton, CA). The results are 
presented as means of triplicate wells expressed as 
cpm/culture. 

Qvtokine and immunoglobulin quantification 

PBMC (1 x 106 cells) were cultured in 1 ml of com- 
plete medium/5% FBS (lg) or 5% AS (cytokine) con- 
taining either LPS (100 ng/ml) or Con A (5 #g/ml) to 
stimulate IL-lfi or 7-IFN, IL-2, and IL-4 production, 
respectively, or PWM (1:200) to promote lg 
production. Supernatants from duplicate cultures 
were collected after 24h (cytokine) or 7 days (Ig). 
These time points were chosen because initial kinetic 
studies showed that cytokine and Ig production pla- 
teaus were achieved with cells under similar conditions 
(data not shown; Picker et al., 1995). 

PBMC supernatant  and standard Ig- l f l  con- 
centrations were determined following manufacturer 's  
instructions using an ELISA kit (sensitivity 5 pg/ml) 
obtained from T cell Diagnostics (Cambridge, MA). 
IL-2 and 7-1FN levels were assayed in a similar man- 
ner using ELISA kits purchased from Biosource 
(Camarillo, CA) with sensitivities of 9pg/ml and 
4 pg/ml, respectively. IL-4 concentrations were deter- 
mined using the standard cytokine peroxidase-ELISA 
protocol provided by PharMingen (San Diego, CA). 
Ik-4 assay sensitivity was determined to be 10 pg/ml. 

Quantification of supernatant  immunoglobulins 
(IgG, lgM and lgA) was accomplished by an ELISA 
method utilizing standardized and calibrated human 

serum (Sigma Chemical, St Louis, MO) with a mini- 
mum assay sensitivity empirically determined to be 
10ng/ml. Cytokine and |g results are from duplicate 
determinations per donor  sample and expressed as 
ng/ml supernatant  (ng/106 cells) S.D. 

Statistics 

Statistical analysis was accomplished using Sig- 
maStat software (Jandel Scientific, San Rafael, CA). 
Data were considered to be significantly different 
when P_<0.05 or P<0.01 by a paired Student 's t-test. 

RESULTS 

Influence o f  oxygen tension on PBMC viable cell 
number, phenotype and redox status 

Data in Fig. 1 demonstrate that viable PBMC num- 
ber was increased in both resting and stimulated cul- 
tures under physiological pO2 conditions. The 
differences between treatment groups became sig- 
nificant at day 3 for non-stimulated PBMC and day 5 
for Con A-stimulated PBMC. 

In an effort to determine whether pO2 was pref- 
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Fig. 1. Effect of high (93% air and 7% CO2) and low (5% 
O2, 7% CO2 and 88% N2) 02 conditions on viable PBMC 
number. PBMC at an initial concentration of Ix  l0 ~ 
cell/ml+ Con A (5 #g/ml) were cultured in complete med- 
ium/FBS 5% under high and low pO2 for 1, 3 and 5 days, 
when cells were counted. Flow cytometric analysis of PBMC 
PI exclusion was used as a measure of cell viability. Results 
shown are expressed as mean viable cell number (cell num- 
ber x percentage viability) _+ S.D. for five separate donors. A 
single asterisk (*) indicates that data are statistically different 
at P_<0.05, whereas two asterisks (**) indicate significance 

at P_<0.01 as determined by a paired Student's t-test. 
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Table 1. C-DCF log mean channel fluorescence of gated 
lymphocytes* 

d 

J 

A- 

High 0 2 Low 0 2 

Fig. 2. Con A-stimulated (5/tg/ml) PBMC were cultured 
under high (93% air and 7% CO2) and low (5% 02, 7% C02 
and 88% N2) 02 conditions and immunophenotyping was 
accomplished by FACScan as described in the Experimental 
procedures section. Results shown are for day 1 of culture 
and are expressed as the change in median channel flu- 
orescence intensity. Events were gated as to forward and side 
scatter from total (CD45 ÷) viable (PI-) lymphocytes. Each 

line represents a separate donor. 

erentially selecting out a particular PBMC sub- 
population, cultures at high and low pO: were 
immunophenotyped at different time points in 
addition to viability analysis. Possibly, on account of  10 
the extensive baseline variation between donor  PBMC 

¢2) 
samples, there were no significant alterations in the ,~ 
number of  CD4, CD8, CDI4 ,  CD19, CD38, CD45, E 8 e~ 
or CD69 positive cells as determined by Student 's t- o 

e-- 
t e s t s  (data not  shown). However,  both the median o 
and mean fluorescence intensity of  CD69, an early ~ 6 
lymphocyte activation marker,  was consistently elev- ~" 
ated at day 1 in Con A-stimulated PBMC cultured =o 
under low 02 (Fig. 2). .~ 4 

To survey the possibility that high pO2 conditions .x2_ 
exerted an oxidative stress on PBMC cultures, C - D C F  .E 

i-- 
f l u o r e s c e n c e  was measured in Con A-stimulated or ~ '  2 

-1- 
r e s t i n g  PBMC_+ 50/~M H20> Data in Table 1 shows 
that both resting and Con  A-stimulated lymphocytes 
incubated under high pO2 had a greater baseline C- 
D C F  fluorescence, and were less able to quench the 
effect of  HzO2 treatment compared to lymphocytes 
cultured under low pO2 conditions. These results sug- 
gest that ambient pO2 could be oxidatively challenging 
lymphocytes. 

Influence o f  oxygen tension on P B M C  proliferation 

To examine the influence of  high and low pO2 on 
PBMC proliferation, day 3 [3H]-thymidine incor- 

Resting Con A (5/~g/ml) 

- -  H202 + H202  - -  H202 - - H 2 0 2  

20%02 275 658 588 1003 
5%02 270 585 553 891 
Difference 5 73 35 112 

*PBMC were cultured in complete medium/5% FBS for 24 h 
under 20% 02 (93% air and 7% CO2) or 5% 02 (7% CO2 
and 88% N2). Cells were loaded with C-DCF (5/tM) in HBSS 
for 15 rain under the same conditions. Washed cells + 50/~M 
H202 were analysed by flow cytometry as described in the 
Experimental procedures section. Data were derived from a 
single donor and are typical of a total of three separate 
donors and determinations. 

porat ion assays were undertaken using four different 
mitogens. Low pO 2 promoted a statistically significant 
increase in proliferation in cultures stimulated with 
the T cell mitogen Con A, or the B cell promoter  PWM 
(Fig. 3). There was an approximate 30% increase in 
incorporated cellular radioactivity for Con A-stimu- 
lated PBMC and a 50% enhancement for PWM-tre-  
ated cells. However,  P H A  and the polyclonal 
superantigen SEB did not demonstrate a differential 
proliferative effect under high or low pO 2. 

3 High 02 
I Low 02 

0 
Con A PHA PWM SEB 

Fig. 3. Effect of high (93% air and 7% CO2) and low (5% 02, 
7%; CO2 and 88 % N2) 02 conditions on PBMC proliferation. 
PBMC in complete medium/5% AS were stimulated with 
Con A (5#g/ml), PWM (1:200), PHA (1:200), or SEB 
(1/~g/ml) for 3 days and pulsed with [3H]thymidine during 
the last 6h of culture, and cells were harvested and the 
radioactivity quantified. Results are presented as means of 
triplicate wells expressed as cpm/culture SD from nine sep- 
arate donors. An asterisk (*) indicates that data are stat- 

istically different at P~<0.05 by a paired Student's t-test. 
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Fig. 4. Cytokine concentrations from PBMC (1 x 10 ~ 
cells/ml) cultured with Con A 5/lg/ml (7-IFN, IL-2 and IL- 
4) or LPS 100ng/ml (IL-lfl) for 24h under high (93% air 
and 7% CO2) or low O: conditions (5% 02, 7% CO2 and 
88% NO in complete medium/5% AS. ELISA results (see 
Experimental procedures) shown are expressed as pg/ml 
supernatant and represent the mean + SD from nine separate 
donors. A single asterisk (*) indicates that data are stat- 
istically different at P<0.05, whereas two asterisks indicate 
significance at P_<0.0I as determined by a paired Student's 

t-test. 

100 1500 

Influence of  oxy,qen tension on O'tokine production 

To demonstrate the effects of pO: on cytokine pro- 
duction, the production of 7-IFN, IL-lfl, IL-2 and IL- 
4 by PBMC was measured. Fig. 4 shows differences 
in secretion of Con A-(7-1FN, IL-2, IL-4) or LPS- 
stimulated (IL-lfl) PBMC cultured under high and 
low oxygen conditions. The T cell cytokines ),-IFN, 
1L-2 and IL-4 were significantly elevated at low pO2. 
Mean supernatant ),-IFN concentrations were 
1057_+ 152 pg/ml (20% 02) and 1632_+ 170 pg/ml (5% 
O2), approximately 65% higher under low pO2. Aver- 
age IL-2 levels were 535 _+ 65 pg/ml (20% 02) and 
793_+ 128 pg/ml (5% 02), an increase of about 50% 
under low pO2. Mean IL-4 levels were also enhanced 
almost 50% from 37+9pg/ml  to 55+__8 pg/ml at 5% 
O~. Conversely, PBMC preparations stimulated with 
LPS produced significantly less IL-1/~ at low pO2 
(3573 _+ 652 pg/ml at 20% 02 vs 2025 _+ 487 pg/ml at 
5% O j  compared with cells incubated under ambient 
pO2. These results suggest that pO2 may differentially 
affect the activity of specific subtypes within the 
PBMC cultures. 

ln[tuence ~[ oxyyen tension on immunoylobulin pro- 
duction 

To examine the influence of pO2 on B cell lg pro- 
duction, PWM-stimulated IgA, lgM and IgG pro- 
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Fig.  5. Effect o f  h igh  (93% air  a n d  7 %  CO_,) a n d  low (5% 
02, 7% CO2 and 88% NJ 02 conditions on supernatant 
immunoglobulin concentrations from PBMC cultured in 
complete medium/5% AS with PWM (1:200) for 7 days. 
EL1SA results (see Experimental procedures) shown are 
expressed as ng/ml supernatant and represent the mean + SD 
from six separate donors. An asterisk (*) indicates that data 
are statistically different at P<0.05 by a paired Student's t- 

test. 

duction were measured by ELISA. Data presented in 
Fig. 5 show that PBMC cultured under low pO2 for 7 
days, a time point where Ig peak levels occur, pro- 
duced significantly less IgM (486_+ 122 vs 
667_+ 174ng/ml) on average under low pO> IgG pro- 
duction was slightly diminished although it, like IgA, 
was not significantly altered by the pO2 treatments. 

DISCUSSION 

The primary goal of these studies was to determine 
the importance of culture pO2 on the outcome of a 
variety of PBMC in vitro assay endpoints. Theoretical 
calculations of the p O  2 at the cell membrane in PBMC 
cultures incubated under ambient pO2 suggests that it 
is greater than the typical pO, in vivo organ con- 
centration of < 80 torr (data not shown). It was thus 
important to evaluate a method that more closely 
represents in vhro conditions (i.e. physiological p O  2 

and reduced oxidative stress) to evaluate the func- 
tional reactivities of lymphocytes in vitro. 

Besides the overt toxic effects of protein oxidation, 
many lines of evidence suggest that the thiol redox 
state of a variety (if not a majority) of regulatory 
cellular proteins is critical to the functioning and sur- 
vival of lymphocytes. Numerous membrane, cytosolic 
and nuclear proteins have proved to be molecular 
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targets of oxidation. The activity of certain protein 
tyrosine kinases (Kanner et al., 1992; Schieven et  al., 

1993), phosphatases (Hecht & Zink, 1992), and pro- 
tein kinase C (Kass et  al., 1989) are redox regulated. 
Important regulatory nuclear redox-sensitive proteins 
are Fos, Jun, AP-1 and NF-xB (Abate et  al., 1990; 
Myer et al., 1993). Mild oxidative stress via oxidant 
treatment or GSH depletion has been shown to inhibit 
lymphocyte proliferation and signaling (Messina & 
Lawrence, 1989; Flescher et  al., 1994), even though 
a slight, brief oxidative stress may be required for 
lymphocyte activation and proliferation (Nov- 
ogrodsky et al., 1982; Los et al., 1995). This redox 
rubric modulating lymphocyte activity may be 
addressed by experiments employing high and low 
pO2 conditions. 

Pharmacological manipulation of culture redox 
status directing cellular proliferation by the addition 
of antioxidants is an accepted procedure. The question 
arises as to whether chemical intervention or a lower 
pO 2 represents a more appropriate in vi tro approach to 
optimize lymphocyte growth and function. Limiting 
culture pO2 may lower ROI formation and thereby 
more closely mirror in vivo conditions. However, a 
majority of researchers practice a pharmacological 
alternative to lowering oxidative stress in vitro, by 
routinely supplementing lymphocyte culture medium 
with thiol-based agents such as 2-mercaptoethanol (2- 
ME) or cysteine (Click et al., 1972; Broom & Jeng, 
1973; Goodman & Weigle, 1977). The mechanism 
whereby these agents stimulate murine lymphocyte 
proliferation is not fully understood, but they appear 
to be complex, as in the case of 2-ME, consisting of 
redox- and non-redox-related components (Pruett et 

al., 1989). There appears to be a major difference 
between maintaining a low pO2 and supplementing 
medium with thiol reagents, because 2-ME can actu- 
ally inhibit human PBMC proliferation (Messina & 
Lawrence, 1992). Additionally, the antiproliferative 
effect of high pO2 on murine splenocytes is not 
reversed by 2-ME (Kilburn et al., 1976), and Jeannin 
et al. (1995) demonstrated that the cysteine precursor 
and free radical scavenger, N-acetylcysteine, 
depressed IL-4 protein and message levels and Ig syn- 
thesis in PBMC cultures. Whereas our results may 
parallel this latter finding, we show that low pO2 
increased IL-4 concentrations. This opposing result 
for IL-4 again suggests that exogenous thiols do not 
necessarily mimic the effect of lowering culture pO2. 
It has been suggested that thiols decrease NFtcB acti- 
vation, a nuclear factor involved in T cell IL-4 pro- 
duction (Staal et  al., 1990), whereas the effects of pO2 
on lymphocyte signaling events are largely unknown. 

It is well documented that numerous cell types and 

lines grow better under less-than-ambient pO 2 (Rich- 
ter et al., 1972; Koller et al., 1992; Colinas et al., 1995), 
and it was therefore not surprising that Con A- and 
PWM-stimulated PBMC proliferated more robustly 
and exhibited greater viability when cultured under 
5% vs 20% 02. Interestingly, no significant differences 
between high and low pO 2 were observed with SEB 
and PHA treatment, suggesting that low pO2 differ- 
entially influences the growth of PBMC subsets in a 
mitogen-specific manner. Con A, PHA and PWM are 
plant lectins known to bind lymphocyte membrane 
signaling glycoproteins differentially, stimulating sub- 
sets to proliferate and produce activation products, 
such as cytokines or Ig. Con A and PHA both pri- 
marily activate T lymphocytes, although differences 
exist in the glycoprotein "receptors" bound by these 
mitogens (Lis & Sharon, 1992). This may account 
for the increased growth demonstrated by Con A- 
stimulated cultures and the lack of such an effect in 
PHA-treated PBMC cultured under low PO2, poten- 
tially caused by a differential sensitivity of signal trans- 
duction components activated during Con A- and 
PHA-induced mitogenesis, or the increased gen- 
eration of inhibitory ROI at high pO 2. PWM primarily 
stimulates B cells; however, T cell subsets are also 
affected. SEB is considered to be a superantigen that 
stimulates lymphocytes through the T cell receptor 
and major histocompatibility complex (MHC). In 
addition to stimulating T cells, SEB may also activate 
monocytes and macrophages to produce more ROI. 

PBMC proliferation and overall viability may be 
altered by pO2, therefore it might be anticipated that 
the cytokine levels from these cells would be different. 
Indeed, significant increases in Con A-stimulated 7- 
IFN, IL-2 and IL-4 levels between high and low 02 
groups were demonstrated. These results concur with 
those of Ebbesen et  al. (1991), where a carcinoma line 
produced more 7-IFN under physiological pO2. LPS 
is commonly employed as a pleiotropic stimulator of 
blood cells. Oxygen, or its associated stress, may be a 
co-stimulus for IL-1 production by monocytes and 
macrophages, as is evidenced by enhanced 1L-I pro- 
duction from LPS-stimulated PBMC cultured under 
high pO2. This finding agrees with that of Gougerot- 
Pocidalo et al. (1988), who showed that IL-1 pro- 
duction by PHA-stimulated human monocytes was 
enhanced in high pO2 cultures. Schenk et al. (1995) 
have recently shown that the reducing protein thiore- 
doxin, when added exogenously to, or overexpressed 
in, T cells, increased production of certain cytokines, 
including IL-2, bolstering the argument that oxidative 
stress modulates lymphocyte function. 

Our work suggests that the expression of CD69, an 
early inducible surface antigen found on activated T, 
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B and N K  lymphocytes, may be altered by a change 
in pO2. This, along with cytokine data, indicates that 
pO2 acts at an early stage in PBMC culture to influence 
lymphocyte function. Al though there was no sig- 
nificant skewing of  any P B M C  sub-population exam- 
ined, there was an 11% decrease in the 7-IFN/IL-4 
ratio when P B M C  were cultured under high pO 2 (data 
not shown), indicative of  a potential skewing towards 
a Th2-1ike immune predominance by O2-induced 
stress. This observation is of  particular interest 
because human immunodeficiency virus (HIV)-posi- 
tive patients have been shown to have a skewing 
towards Th2 (Clerici & Shearer, 1994), diminished 
GSH levels and evidence of  oxidative stress (reviewed 
by Staal et al., 1992). AIDS-related oxidative stress 
may be potentially similar to that demonstrated here 
by 20% O2 in vitro. These effects may be additive; 
therefore, in vitro analysis of  lymphocytes from pat- 
ients with a pathological condit ion affecting cellular 
redox balance may more closely reflect actual in vivo 
status through the use of  low 02 conditions such as 
those described herein. 

These results demonstrate that pO2 is a basic and 

important  parameter and suggest that researchers 
should be aware of  the potential influence of  pO2 on 
lymphocyte function. However,  it should be noted 
that this work should not be interpreted as inva- 
lidating data derived from culture systems held at 
ambient pO,. Nonetheless, certain lymphoid subsets 
may be more sensitive to the effects of  atmospheric 
pO2 (20% O2), thereby altering the outcome of assays 
employing clonal or mixed cell populations, such as 
PBMC. Oxygen tension for lymphocytes in vivo may 
be simulated by using 5% O2, reducing the potential 
oxidative stress associated with atmospheric pO2 in 
cell cultures. The selection of  an appropriate pO2 pro- 
tocol for lymphocyte handling and culture thus 
becomes especially germane when attempting to simu- 
late what may be occurring in t'ivo, particularly if 
the agent or condit ion being evaluated influences or 
depends on redox status. 
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