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ABSTRACT. The higher susceptibility to serious bacterial 
infections of patients, particularly children, infected with 
the human immunodeficiency virus (HIV) may be due in 
part to defective function of their phagocytic cells. We 
examined the ability of polymorphonuclear cells and mono- 
cytes of HIV-infected children and adults to generate su- 
peroxide anion (SO) and hydrogen peroxide (HP) and 
compared it with that of cells from normal children and 
adults. S O  was measured by reduction of cytochrome c and 
H P  by horseradish peroxidase-dependent oxidation of 
phenol red. The cells were incubated in 96-well plates at 
37°C for 2 h before the assay and the nonadherent cells 
then removed. Readings for S O  were taken at 10, 30, 60, 
and 120 min after stimulation with phorbol myristate ace- 
tate; H P  production was assayed after 90 min. The S O  
and H P  production by polymorphonuclear cells and mono- 
cytes from both HIV-infected children and adults was 
consistently found to be markedly lower than that of cells 
from age-matched controls. The magnitude of the differ- 
ence in response between patients and control cells also 
increased with increasing incubation time. Thus, phago- 
cytic cells from HIV-infected children and adults are de- 
fective in their ability to generate reactive oxygen inter- 
mediates, and this defect may make them more vulnerable 
to bacterial and fungal infections. (Pediatr Res 34: 544- 
550,1993) 
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HIV infection depletes the patients of their CD4 lymphocytes, 
accounting for their vulnerability to opportunistic infections, but 
more common bacterial pathogens also are a source of consid- 
erable morbidity. Bacterial infections are more likely to be fatal 
in HIV-infected infants and children, whereas adult patients are 
more likely to succumb to opportunistic infections. This in- 
creased susceptibility in pediatric patients may be due to their 
immune nai'vety and the impairment of normal immune re- 
sponses caused by the virus. However, defects in their phagocytic 
cells may also contribute to this propensity to bacterial infections. 

Previous studies have demonstrated defects in phagocytic cell 
function in both HIV-infected adults and children. PMN from 
adults infected with HIV have defects in chemotaxis and in 
ADCC that become more severe with disease progression ( I ,  2). 
Our laboratory recently reported that ADCC by PMN from HIV- 
infected children and adults is defective when using HIV antigen- 
coated targets (3). Decreased chemotactic and bactericidal activ- 
ity has also been noted in PMN from HIV-infected children even 
before onset of AIDS-associated symptoms (4. 5). 

Investigators have also found defects in monocyte function 
associated with HIV infection (6). Decreased chemotaxis by 
monocytes from adults with AIDS or ARC was first reported in 
1984 (7. 8). Monocytes from HIV-infected adults also have 
decreased candidacidal ability and impaired oxidative burst ac- 
tivity (9. 10). Defective monocyte accessory function for pro- 
moting lymphocyte proliferative responses has been demon- 
strated in HIV-infected patients (1 I). 

The purpose of the present study was to investigate oxidative 
burst activity of PMN and monocytes from adult and pediatric 
HIV-infected patients. We examined the ability of adherent 
phagocytic cells of HIV-infected patients to generate SO and HP 
in response to PMA compared with that of normal adults and 
normal children. Defective oxidative burst activity was found to 
occur in both PMN and monocytes from both adults and chil- 
dren infected with HIV. 

MATERIALS A N D  METHODS 

Palien1 population. Adult (1 5-44 y, n = 13) and pediatric (0.5- 
I I y, n = 18) HIV-infected patients were recruited from the 
outpatient Maternal Child Immunology Clinic, UCLA Medical 
Center. The patients were not acutely ill or hospitalized at the 
time of study. The CD4 counts of HIV-infected adults were in 
the range of 50-984/mm3, and those of the HIV-infected children 
were in the range of 1 1-301 2/mm3 (Table 1). Those patients 
with a CD4 count of less than 500 were taking an antiretroviral 
drug. HIV infection was determined by presence of antibody or 
viral antigens (p24) or by viral culture. Normal adults (n = 20) 
and normal children (1-10 y, n = I I) were used as healthy 
volunteers. All blood samples were obtained in accord with the 
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Table 1.  Patient profile 
Patient no. Sex Age (y) CD4 (%)* CD4 (number)? 

HIV-infected children 
I M 0.5 43 3012 
2 M 0.5 43 1565 
3 M 1.0 45 2360 
4 F 1.0 5 1 2196 
5 F 1.0 30 990 
6 F 1.0 4 1 1729 
7 M 2.0 34 2 182 
8 M 3.5 2 24 
9 F 3.0 28 903 

10 M 6.5 25 795 
1 1  M 6.0 6 50 
12 F 7.5 23 799 
13 F 8.0 25 546 
14 F 8.5 15 14 
15 M 8.5 3 I I 
16 M 9.0 6 5 3 
17 M 11.0 39 6 18 
18 M 11.5 24 61 1 

HIV-infected adolescents 
and adults 

1 M 15 27 328 
2 M 19 25 560 
3 F 22 29 984 
4 F 23 24 406 
5 F 23 33 566 
6 F 24 16 267 
7 F 24 16 240 
8 F 27 17 409 
9 F NAS NA N A 

10 M 30 28 680 
1 1  F 32 34 789 
12 F 34 -- 7 7  635 
13 F 44 

-- 
5 

-- - 
50 

* Percent of lymphocytes staining with CD4 marker. 
t Absolute numberlcubic mm of CD4-staining lymphocytes. 
$ NA. not available. 

UCLA Human Subjects Protection Committee and with in- 
formed consent by blood donor or guardian. 

Materials. Percoll used in cell separation was from Pharmacia 
Fine Chemicals. Uppsala. Sweden. For the SO assay, ferricyto- 
chrome c, superoxide dismutase, HRPO (salt-free powder), and 
PMA were all obtained from Sigma Chemical Co.. St. Louis, 
MO. HBSS without phenol red and minimal essential medium 
were from Irvine Scientific, Santa Ana, CA. BCA Protein Assay 
Reagent was obtained from Pierce Co., Rockford, IL. For the 
HP assay, phenolsulfonphthalein (phenol red, sodium salt), 
NaOH, and HP were from Sigma Chemical Co.. PRS for the HP 
assay was made with 140 mmol/L NaCI, 10 mmol/L potassium 
phosphate buffer, pH 7.0, 5.5 mmol/L dextrose. 0.56 mmol/L 
phenol red, and 19 U/mL of HRPO. The Dynatech MR700 
microplate reader was from Dynatech Laboratories, Inc.. Chan- 
tilly, VA. 

Cell separation. Separation of PMN and MNC was accom- 
plished on Percoll gradients (12). Peripheral blood from normal 
volunteers and patients was anticoagulated with EDTA (0.3% 
final concentration) and layered over discontinuous Percoll gra- 
dients. The blood was centrifuged for 20 min at 4"C, resulting in 
two layers of cells with the first layer consisting of monocytes 
and lymphocytes (MNC) and the second layer (PMN) consisting 
of >95% neutrophils with the remainder being eosinophils. The 
cells were washed in buffer and hypotonic lysis was used to 
remove erythrocytes from the PMN layer. The cells were resus- 
pended in minimal essential medium (without protein) and then 
incubated in 96-well flat-bottom microplates (Falcon, 3072, Bec- 

ton Dickinson Labware. Lincoln Park. NJ) at 37°C for 2 h in a 
COz incubator before assay (PMN 105/well. MNC 5 x 105/well). 

SO assajt. SO release was measured by reduction of cyto- 
chrome c. The assay follows the technique as outlined by Pick 
and Mizel (13). The Dynatech MR700 microplate reader was 
used for reading and recording absorbance changes. For the SO 
assay, an interference filter of 550 nm was used. After a 2-h 
incubation in 5% COz at 37"C, nonadherent cells were removed 
by three washes with 0.1 mL of HBSS. The majority of PMN 
and monocytes adhere, whereas the lymphocytes are removed 
by the washings. 

After incubation and removal of nonadherent cells, reagents 
dissolved in HBSS were then added to cell monolayers. The first 
vertical row of the microplate was used for the sample blank to 
which was added 0. I mL of cytochrome c (2  &L) supplemented 
with superoxide dismutase (300 ng/L) to inhibit cytochrome c 
reduction. The second vertical row contained cells with cyto- 
chrome c alone. The third row contained cells with cytochrome 
c and PMA (0.1 ng/L). The total volume in each well was 0. I 
mL. Readings were taken at 10. 30, 60, and 120 min after the 
start of the incubation. Cells were incubated in 5% CO. at 37°C 
during the assay until the time of each reading. 

The amount of SO per well was calculated from the absorption 
of the reduced cytochrome c (third row. +PMA) minus the 
absorption of oxidized cytochrome (second row, -PMA). The 
absorption values in the first and second rows showed little 
variation (<2%) meaning little spontaneous SO production with- 
out PMA. This would indicate that the cells were not activated 
by the separation or adherence procedures. The lack of sponta- 
neous SO production was true using cells from either patients or 
controls, further indicating the patients' cells had not been acti- 
vated in vivo. The corrected absorption value was inserted into 
the formula, absorbance at 550 nm/6.3 x 100 = nmol of SO, 
where 6.3 is the extinction coefficient (13). Protein content was 
also determined to account for variation in numbers of adhered 
cells per well. Triton-X (1%) was added to each well and a 
protein assay was conducted the following day using the Lowry 
method with BSA as standard. There was not a significant 
difference in protein content between cells from controls and 
cells from HIV-infected patients. The results were then expressed 
in terms of nmol of SO/mg of protein. 

HP assajl. HP was measured by HRPO-dependent oxidation 
of phenol red. The Dynatech MR700 microplate reader was 
used. fitted with a filter of 630 nm. After removal of nonadherent 
cells, reagents were added. Using similar methodology, the first 
vertical row of the microplate served as the sample blank. PRS 
(0.1 mL) was added and then 0.0 1 mL of NaOH added to induce 
cell death and alkalinize the reaction mixture. eliminating 
changes in absorbance of phenol red due to its behavior as a pH 
indicator. In the second vertical row, PRS alone was added to 
cell monolayers. In the third row, PRS and PMA (0.2 ng/L) were 
added to the cells. Cells were then placed back into the C0. 
incubator at 37'C for 90 min. 

After the incubation, 0.01 mL of NaOH was added to wells in 
the second and third rows to stop the reaction and readings were 
taken. Background HP (second row, -PMA) was subtracted 
again from the stimulated HP production (third row. +PMA) to 
obtain a corrected value. Using dilutions of HP solution of 
known concentration as outlined by Pick and Mizel (13). a 
standard curve can be obtained. As a result, absorbance values 
could be matched graphically to concentrations of HP. As with 
the SO assay, protein content in each well was determined to 
account for the variation in number of adhered cells. Results 
were then expressed in nmol of HP/mg of protein. There was 
little spontaneous production of HP in the absence of PMA using 
cells from either controls or patients. 

Statistical methods. Significance was determined by paired t 
test unless otherwise stated, and all data was expressed as mean 
k SEM. p values < 0.05 were considered statistically significant. 
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RESULTS 

HIV-infected children versus controls. SO production by PMN 
and monocytes is shown in Figure 1.  The responses to PMA (0.1 
ng/L) of PMN from normal adults and children were almost 
identical throughout the whole assay. In contrast, SO production 
by PMN from HIV-infected children was markedly depressed 
compared with that of the normal controls at all time points. By 
2 h, normal adult PMN had produced 1 134 f 82 nmol SO/mg 
protein and normal child PMN produced 1103 f 144 nmol/mg 
protein, whereas PMN from HIV-infected children generated 
only 701 f 64 nmol/mg protein. SO production by monocytes 
is illustrated in Fig. 1B. Generation of SO by monocytes from 
normal children was lower than that by monocytes from normal 
adults at most time points in contrast to the PMN data (Fig. 
1 A ) .  However, monocytes from HIV-infected children generated 
less SO than did monocytes from normal adults at all time points 
and less than did monocytes from normal children at 10 and 30 
min. The monocyte data for one patient with acute myelogenous 

leukemia (number 14, Table I )  was excluded because ofdifficulty 
in separating her MNC population. None of the MNC prepara- 
tions from the other HIV-infected children had greater than 5% 
neutrophil contamination. 

HP production by PMN from HIV-infected children was less 
than half that by PMN from normal adults and normal children 
(Fig. 2A).  No difference was found in HP production between 
PMN from normal adults and normal children as had also been 
the case for SO production. Monocytes from normal children 
produced slightly lower levels of HP ( 136 f 3 1 nmol/mg protein) 
compared with normal adults (171 + 37 nmol/mg protein) as 
was noted previously in SO production by monocytes (Fig. 1 B). 
However, monocytes from the HIV-infected children still pro- 
duced less HP (93 f 18 nmol/mg protein) than monocytes from 
either control group. 

HIV-inkted adltlts versus controls. Studies were conducted 
comparing the oxidative responses of PMN and monocytes from 
HIV-infected adults with those of uninfected adults. Many of 
these adult patients were mothers of infants who participated in 

INCUBATION TlME (min) 

B. INCUBATION TIME (min) 

Fig. I .  .I. SO production by PMN from HIV-infected children. B. SO production by monocytes from HIV-infected children. The responses were 
measured over increasing incubation time and compared with the responses of cells from normal adults and children. SO production was stimulated 
by incubation in PMA (see text). 
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Fig. 2. A ,  HP production by PMN from HIV-infected children. B. HP production by monocytes from HIV-infected children. The responses 
were compared with the responses of cells from normal adults and children. HP production was stimulated by a 90-min incubation in PMA (see 
text). Triangles denote means with SEM. 
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the study. Data for these adult patients are shown in Table 1. 
Figure 3A shows SO production by PMN from adults with HIV 
to be significantly lower than that of normal adults at all time 
points tested. Monocytes from HIV-infected adults (Fig. 3B)  
similarly produced lower levels of SO compared with monocytes 
from normal adults throughout the entire assay. This difference 
between cells from normal controls and HIV-infected patients 
was most apparent ( p  c 0.005) at 2 h for both PMN and 
monocytes. 

Production of HP by PMN (Fig. 4) from HIV-infected adults 
(208 + 30 nmol/mg protein) was also lower than that of PMN 
from normal adults (292 f 39 nmol/mg protein). HP production 
by monocytes was less than that of PMN for both populations, 
but again the control monocytes had a higher response (149 + 
25 nmol/mg protein) than the monocytes from HIV-infected 
patients (105 f 21 nmol/mg protein). The monocyte data on 
one patient (patient number 1, bottom half of Table I), a 15-y- 
old male, was not included because his MNC layer was found to 
contain 15% neutrophils, which would have contaminated the 
monocyte preparation. 

DISCUSSION 

Our studies have shown SO and HP production by PMN from 
HIV-infected children were markedly decreased compared with 
PMN from normal children and normal adults. Monocytes from 
HIV-infected children were also deficient in SO and HP genera- 
tion compared with normal adult and normal child monocytes, 
although the differences in the two child groups were not as 
great. SO and HP production by both monocytes and PMN from 
HIV-infected adults were also deficient compared with normal 
adults. 

Previous studies have examined oxidative burst activity by 
phagocytic cells in HIV infection. Murphy el a / .  (14) found SO 
production by PMA-stimulated PMN from adults with HIV to 
be higher compared with PMN from normal adults, but the assay 
ran for only 10 min. Our assays were read over a 2-h period and 
the differences between normal and HIV PMN were greatest at 
2 h. Roilides et al. (5) reported a similar study that found SO 
generation by PMN from HIV-infected children the same as that 
of age-matched controls, but the incubation period was only 5 
min. Nielson el a / .  ( 15) also found no difference between controls 
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Fig. 3. A, SO production by PMN from HIV-infected adults. B. SO production by monocytes from HIV-infected adults. The responses were 
measured over increasing incubation time and compared with the responses of cells from normal adults. SO production was stimulated by incubation 
in PMA (see text). 

and HIV patients in SO production by PMN (n = 4) and 
monocytes (n = 6), but only the rate of SO production was 
reported. Another factor that may explain these results is that 
the previous investigators were testing cells in suspension, 
whereas the cells in our studies were adhered to plastic. 

Other investigators have reported the oxidative burst activity 
of PMN in HIV-infected adults to be decreased. Stohr el al. (16) 
found the chemoluminescence response to concanavalin A of 
PMN from AIDS patients to be greatly reduced compared with 
normal controls. Reduction of NBT by PMN stimulated with 
heat-killed bacteria in a 30-min assay was reported to be de- 
creased in AIDS patients but increased in ARC patients (17). 
NBT reduction by PMN was also found to be inhibited by 
exposure to soluble HIV proteins, particularly gp4 1 ( 1  8). 

The role of monocytes and macrophages in HIV infection has 
been more extensively studied than that of PMN because the 
virus is able to reside and replicate in these monocytic cells. The 
chemoluminescence response to zymosan of peripheral blood 
monocytes from asymptomatic HIV-infected adults and AIDS 
patients was reported to be decreased in those individuals whose 

serum was positive for p24 antigen ( 19). Muller et a/. (20) assessed 
NBT reduction by monocytes and monocyte-derived macro- 
phages in asymptomatic HIV-infected men and AIDS patients. 
They found NBT reduction as stimulated by PMA and zymosan 
to be impaired in both groups compared with controls. A more 
recent study also found the chemoluminescence response to 
zymosan of peripheral blood monocytes from HIV-infected pa- 
tients to be lower than that of controls in a 60-min assay (9). 
Alveolar macrophages from pediatric ARC patients were re- 
ported to release more HP at both baseline levels and after 
stimulation with PMA (5 ng/L) than a control group, although 
the assay was run for only 30 min. (21). Our HP assay using 
monocytes ran for 90 min. 

Other studies have reported defects in monocytes from HIV- 
infected patients in cytotoxicity and intracellular killing in which 
ROI production may play a role. The monocyte candidacidal 
activity for Candida pseudotropicalis in HIV-infected patients 
was reported to be impaired and deteriorated further in patients 
with more advanced disease (9). Monocyte-derived macrophages 
infected with HIV in vitro were also reported to be defective in 
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Fig. 4. HP production by monocytes  a n d  P M N  from HIV-infected adul ts  compared  with that  o f  cells f rom normal  adults. Assay was run  for 90 
m i n  after stimulation with P M A  (see text). Triangles denote  means  with SEM.  

killing C. pseudotropicalis (22). Monocytes from ARC patients 
had decreased ability to phagocytose and kill Staph~~lococc~rs 
aureus, although no defect was noted in asymptomatic HIV- 
infected patients (23). Bender et a/. (6) found that the ADCC of 
monocytes from AIDS patients was lower than that of monocytes 
from normal controls. Our laboratory recently reported that 
ADCC of both PMN and monocytes from HIV-infected children 
and adults to be lower than that of controls using CEM cells 
coated with HIV gp120 protein in the presence of anti-HIV sera 
(3). 

Our results indicate oxidative burst activity is impaired in both 
PMN and monocytes from HIV-infected children and adults. 
Monocytes can be infected by HIV. and it is possible that HIV 
infection directly interferes with the ability of the cell to make 
oxygen intermediates. However, no evidence of incorporation of 
HIV in the genome of mature neutrophils was found by Spear 
et a/. (24). Because the virus does not infect the neutrophil or its 
myeloid precursors, it is necessary to postulate other mechanisms 
to account for the defect in PMN. 

Another possibility is that serum factors in HIV infection 
affect neutrophil and monocyte function. HIV viral proteins. 
particularly gp41, have been reported to inhibit both PMN and 
monocyte chemotaxis and oxidative burst activity (17. 25). Al- 
terations of various cytokine levels in HIV infection may also 
influence phagocyte function. However, the persistence of defects 
in the absence of HIV serum suggests an intrinsic defect in the 
phagocytic cells themselves. 

Chronic bacterial and fungal infections in HIV patients result 
in prolonged stimulation of their neutrophils and monocytes. 
This chronic stimulation leads to release of ROI from phagocytic 
cells. This persistent ROI production can deplete leukocytes of 
intracellular glutathione, resulting in dysfunction of lymphocytes 
and PMN and in enhanced replication of HIV in infected mac- 
rophages (26-28). Decreased levels of glutathione, an important 
oxygen scavenger, have been reported in the serum and in 
lymphocytes of HIV-infected patients (29. 30). It is possible that 
this decreased ability of PMN and monocytes from HIV patients 
to protect themselves from their own ROI due to low glutathione 
stores results in impaired function or decreased viability in the 
longer assays as reported in this study. 

Children with HIV infection are more prone to bacterial 
infections than adults, leading to greater stimulation of their 
phagocytic cells and consequently greater release of ROI. New- 
born infants are particularly vulnerable to ROI because their 

levels of oxygen scavenging enzymes are lower than those of 
adults (3 1 ) .  Thus, infants and children with HIV infection may 
be more susceptible to oxidative injury than infected adults. 
Impaired function of phagocytic cells due to oxidative injury 
makes them more prone to further bacterial infections. thus 
resulting in a vicious cycle of infection and ROI release. 

Our studies have shown that both PMN and monocytes from 
HIV-infected children and adults are defective in release of SO 
and HP and that these deficits are more apparent as the cells are 
stimulated over increasing periods of time. This defect in oxida- 
tive burst activity may account in part for the increased suscep- 
tibility to bacterial and fungal infections. 
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