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Natural killer cells are components of the innate immune system that play an important role in eliminating
viruses and malignant cells. Using simian immunodeficiency virus (SIV) infection of macaques as a model, flow
cytometry revealed a gradual loss of CD16� NK cell numbers that was associated with disease progression. Of
note, the apparent loss of NK cells was detected in whole-blood samples but not in isolated peripheral blood
mononuclear cells (PBMC), suggesting that an inhibitor(s) of the antibody used to detect CD16, the low-affinity
immunoglobulin G (IgG) receptor, was present in blood but was removed during PBMC isolation. (Actual
decreases in CD16� cell numbers in PBMC generally were not detected until animals became lymphopenic.)
The putative decrease in CD16� cell numbers in whole blood correlated with increasing SIV-specific antibody
titers and levels of plasma virion RNA. With the addition of increasing amounts of plasma from progressor,
but not nonprogressor, macaques to PBMC from an uninfected animal, the apparent percentage of CD16�

cells and the mean fluorescence intensity of antibodies binding to CD16 declined proportionately. A similar
decrease was observed with the addition of monomeric IgG (mIgG) and IgG immune complexes (IgG-ICs)
purified from the inhibitory plasma samples; some of the ICs contained SIV p27gag antigen and/or virions. Of
interest, addition of purified IgG/IgG-ICs to NK cell lytic assays did not inhibit killing of K562 cells. These
results indicate that during progressive SIV and, by inference, human immunodeficiency virus disease, CD16�

NK cell numbers can be underestimated, or the cells not detected at all, when one is using a whole-blood
fluorescence-activated cell sorter assay and a fluorochrome-labeled antibody that can be blocked by mIgG or
IgG-ICs. Although this blocking had no apparent effect on NK cell activity in vitro, the in vivo effects are
unknown.

NK cells, which are cytotoxic for virus-infected and neoplas-
tic cells, are important components of the innate immune sys-
tem and facilitate the transition to adaptive, pathogen-specific
responses (7, 11). In the latter function, NK cells interact with
dendritic cells and secrete cytokines and chemokines to which
T and B cells, as well as dendritic cells, respond (16, 28, 66).
During human immunodeficiency virus (HIV) infection, con-
sistent results with regard to the fate of NK cells and their
ability to secrete cytokines and lyse target cells have not been
obtained. In some studies, numbers of NK cells (or of a subset
of NK cells) decreased in all stages of infection or were a
function of disease progression; that is, changes were associ-
ated with low CD4� T-cell numbers and high viral burdens (3,
20, 47, 48, 65). Alternatively, expansion of dysfunctional sub-
sets of NK cells has been reported (2, 33, 50), while in other
studies there appeared to be no loss in NK cell numbers and/or
in cytotoxic activity, either by direct lysis of target cells or in
antibody-dependent cellular cytotoxicity (ADCC) (1, 35). For
HIV-infected patients and simian immunodeficiency virus
(SIV)-infected macaques, ADCC has been detected within
days or a few weeks after symptomatic acute infection, appears
to be important for the initial decrease in virus load during

acute infections, and is associated with long-term stable dis-
ease (4, 5, 13, 25, 64). Likewise, the ability of NK cells from
HIV-infected patients to secrete cytokines, such as gamma
interferon (IFN-�), RANTES, and macrophage inflammatory
protein 1� and -1� (MIP-1� and -1�), that not only are re-
quired for adaptive immunity but also can inhibit HIV binding
to CCR5 has been linked to delay in disease progression (6, 24,
40, 55). The fact that apparently uninfected but exposed intra-
venous drug users have high NK cell activity also suggests a
role for NK cells in controlling or preventing primary infec-
tions (59). This suggestion is supported by findings in the SIV
macaque model that vaccine-elicited ADCC was associated
with lower viremia after mucosal challenge with pathogenic
virus (30).

Although the majority of human NK cells are defined by
expression of CD56 and CD16 on the cell surface, macaque
NK cells preferentially express CD16, and only a small pro-
portion (range, 5 to 20%) of these CD16� cells also express
CD56 (9, 60, 68; Q. Wei and P. N. Fultz, unpublished data).
Furthermore, a majority (range, 60 to 95%) of macaque
CD16� NK cells are CD8��; therefore, immunophenotypi-
cally most macaque NK cells are CD16� CD8�� CD3� (major
population) or CD16� CD8�� CD3� (minor population) (9,
10, 15, 34, 60, 68). CD16 is the low-affinity immunoglobulin G
(IgG) Fc receptor IIIa isoform (Fc�RIIIa) and associates with
homo- or heterodimers of CD3-associated � chain and FcεRI�,
signaling adaptors that are phosphorylated by p56lck after
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CD16 cross-linking (44, 45). Ligation of CD16 by monoclonal
antibodies (MAbs) to CD16 or IgG immune complexes (IgG-
ICs) and recognition of Fc fragments bound to cell surface
antigens can lead to activation, cytokine secretion, cytotoxicity,
and/or proliferation of NK cells (67); however, CD16 ligation
on cytokine-activated NK cells results in apoptosis (56). CD16
preferentially recognizes IgG bound to antigen, but CD16 rec-
ognition and binding of soluble monomeric IgG (mIgG) can
occur in vivo, is labile, and can inhibit NK cell activity (23, 61,
62). Although circulating ICs containing HIV have been de-
tected in serum and plasma samples from infected persons (52,
54), the exact impact of ICs on the various subsets of NK cells
has not been defined.

The pathogenesis of SIVmac239, an infectious molecular
clone, is well defined: it causes AIDS in various macaque
species (Macaca spp.) within approximately 6 months to 2
years after inoculation (26, 39). To understand the roles in
pathogenesis of the various proteins encoded by SIV/HIV, this
model system has been used extensively (18). In an earlier
study to evaluate the effect of mutation of a conserved tyrosine
(Y721) that is part of a sorting and endocytosis signal (YRPV)
in the cytoplasmic tail of the SIVmac239 Env glycoprotein,
we showed that rhesus macaques inoculated with SIVmac239
containing a tyrosine 721-to-isoleucine mutation (SIVmac239-
Y/I) or a deletion of Y721 and the preceding glycine
(SIVmac239�GY) had low to undetectable viral burdens, sta-
ble numbers of CD4� lymphocytes, and no clinical signs of
disease—that is, the viruses were attenuated (26). In one ma-
caque infected with SIVmac239-Y/I, however, the codon for I
reverted to a codon encoding Y within 12 weeks after infection.
The clinical course of this animal paralleled those of animals
inoculated with wild-type SIVmac239.

During the initial 12 months of a second study designed to
determine whether attenuation resulted from differential in-
teractions with the immune system, it appeared that CD16�

NK cells gradually were being depleted in those animals with
the highest virus burdens and SIV-specific antibody titers.
However, the putative loss of NK cells was observed only when
cells in EDTA-treated whole blood, not cells in purified pe-
ripheral blood mononuclear cells (PBMC), were evaluated by
flow cytometry. The results of experiments to explain this phe-
nomenon, using blood samples from a subset of macaques
from a larger study, are reported here. Details of the compre-
hensive study to evaluate changes in multiple virological, he-
matological, and SIVmac239-specific immunological parame-
ters associated with these and additional animals infected with
other SIVmac239 variants will be published elsewhere.

MATERIALS AND METHODS

Animals and virus inoculations. Six juvenile female pig-tailed macaques (Ma-
caca nemestrina), seronegative for antibodies to SIV, simian T-cell leukemia
virus, simian type D retroviruses, and herpesvirus type B, were used in this study.
Limited results from two additional animals (98P016 and 99P032) are presented
for comparison and as control responses. All animals were housed in isolation
facilities at the University of Alabama at Birmingham (UAB) and cared for in
accordance with institutional and Animal Welfare Act guidelines. The protocol
was approved by the UAB Institutional Animal Care and Use Committee. The
macaques were randomly placed in two groups and inoculated intravenously
with 103 50% tissue culture infective doses of either wild-type SIVmac239 or
SIVmac239-Y/I, in which the tyrosine at amino acid 721 in the cytoplasmic tail
was mutated to isoleucine (42). After virus inoculation, blood samples were
collected from each animal at regular intervals to monitor changes in lymphocyte

populations, including CD16� CD3� and CD16� CD3� cells, which define
macaque NK and putative NKT cells, respectively.

Immunofluorescence flow cytometry. Percentages of CD16� cells were deter-
mined by two-color flow cytometry with mouse anti-human MAbs labeled with
different fluorochromes—phycoerythrin (PE)-conjugated CD16 (clone 3G8) and
fluorescein isothiocyanate (FITC)-conjugated CD3ε (clone SP34)—that are
known to be cross-reactive with macaque antigens. For the whole-blood analysis,
50 �l of EDTA-treated blood was used, and in some cases the volume was
increased to 100 �l because of lymphopenia late in infection. Aliquots of blood
were incubated with 10 �l of each of the two MAbs or with isotype controls for
30 min at room temperature. Contaminating erythrocytes were lysed with fluo-
rescence-activated cell sorter (FACS) lysing buffer, followed by one wash with
cold phosphate-buffered saline (PBS) containing 0.1% sodium azide. Two other
PE-conjugated MAbs, CD8� (clone SK1) and CD7 (clone M-T701), were used
in combination with CD3ε-FITC to confirm the identity of NK populations in
blood. PBMC were isolated from heparinized whole blood by centrifugation
through lymphocyte separation medium (ICN Biomedicals Inc., Aurora, OH);
aliquots of fresh PBMC (4 	 105 cells) were mixed with 10 �l of each MAb and
processed as described for whole blood, omitting incubation with lysing buffer.
Cell-associated immunofluorescence was analyzed within 1 day on a FACS-
STAR flow cytometer. Lymphocytes were gated according to forward-scatter
versus side-scatter characteristics; negative cell populations, identified with iso-
type-matched control antibodies, were excluded. All antibodies, reagents, and
the flow cytometer were purchased from BD Biosciences Pharmingen (San
Diego, CA).

Enrichment of NK cell populations and immunoblotting. To detect CD16
protein expressed in cells, NK populations were enriched from PBMC. Briefly,
CD16� monocytes were removed by culturing PBMC overnight in RPMI 1640
medium with 15% fetal bovine serum in T75 plastic tissue culture flasks. Non-
adherent cells were collected and washed twice with PBS containing 2% fetal
bovine serum. Cells were then incubated with Dynabeads prepared by coupling
a mouse anti-monkey CD3 MAb (clone FN18; 1 �g/�l; Biosource, Camarillo,
CA) to mouse pan-IgG Dynabeads (Dynal Biotech Inc., Norway) for 30 min at
room temperature to remove CD3� T cells. The remaining cells, which included
NK and B cells, were lysed with M-PER (mammalian protein extraction reagent;
Pierce, Rockford, IL) supplemented with 1 mM phenylmethylsulfonyl fluoride, 1
mM sodium orthovanadate, and 0.1% aprotinin. Supernatants were collected by
centrifugation; equal amounts of protein (50 �g/well), quantified by a Bio-Rad
Dc protein assay (Bio-Rad Laboratories, Hercules, CA), were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis on 10% gels. Proteins
were transferred electrophoretically to nitrocellulose membranes (Schleicher &
Schuell Bioscience, Inc., Germany) and immunoblotted with anti-CD16 MAbs or
antibodies to an internal control, �-actin (clone AC-15; Sigma, St. Louis, MO).
Antibodies bound to the CD16 or �-actin proteins were detected by incubation
with horseradish peroxidase-conjugated secondary antibodies (Santa Cruz Bio-
technology, Santa Cruz, CA), developed using a SuperSignal West Pico kit
(Pierce), and quantified by using an AlphaImager system and AlphaEase soft-
ware (Alpha Innotech Corp., San Leandro, CA). A prestained protein ladder
(Invitrogen Corp., Carlsbad, CA) was used as a molecular size standard.

Purification of total IgG. Total IgG was purified from plasma samples by using a
HiTrap Protein G Hp column (MABTrap kit; Amersham Biosciences, Piscataway,
NJ) according to the manufacturer’s suggested protocol. Briefly, plasma samples
were filtered through a 0.45-�m-pore-size filter, mixed with binding buffer (20
mM sodium phosphate, pH 7.0) at a 1:1 ratio, and applied to the column. The
column was washed with approximately 7 ml of binding buffer, and 1-ml fractions
were collected. Total IgG was then eluted from the column with approximately
5 ml of elution buffer (0.1 M glycine-HCl, pH 2.7). Immediately after elution,
each 1-ml fraction of total IgG was neutralized with 75 �l of 1 M Tris-HCl, pH
9.0. The absorbance of total IgG (optical density at 280 nm) was measured with
a DU 640 spectrophotometer (Beckman, Fullerton, CA) and multiplied by a
conversion factor of 0.75 to determine IgG concentrations.

Blocking of CD16 (Fc�RIIIa) with plasma and serum samples and purified
IgG. To assess the abilities of blood components and total IgG to inhibit binding
of MAb 3G8 to CD16, 1 	 106 PBMC were incubated with varying amounts of
plasma, serum, or purified IgG for 30 to 45 min at 37°C. Mixtures were aliquoted;
3.3 	 105 cells were incubated with excess amounts of CD16-PE and CD3ε-FITC
or control antibodies, washed twice with cold PBS containing 0.1% sodium azide,
and analyzed for immunofluorescence as described above.

Quantification of viral RNA, SIV antibodies, and p27 antigen. SIV RNA
plasma viremia (sensitivity, less than 100 copies/ml) was quantified at the Quan-
titative Molecular Diagnostics Core of the AIDS Vaccine Program, SAIC Fre-
derick, NCI (Frederick, MD), as described previously (46). SIV-specific antibody
titers in serum samples were determined after twofold serial dilutions using a
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highly cross-reactive HIV type 2 enzyme immunoassay kit (Bio-Rad). Both
flowthrough and eluted fractions from protein G columns were assayed for SIV
p27gag antigen with a commercial enzyme immunoassay kit (Zeptometrix Corp.,
Buffalo, NY). The specimens were treated with PBS containing 10% Triton
X-100 (pH 7.2) before addition to the test plate. Free SIV p27gag, p27gag released
from intact virions, and p27gag released from ICs that contained IgG and either
p27gag or SIV virions were detected with this assay.

Measurement of NK cell activity. NK cytolytic activity against the NK-sensitive
human erythroleukemic cell line K562 was measured using a two-color flow
cytometric assay that utilized two fluorescent dyes (12, 38): DIO (D275; Molec-
ular Probes, Inc., Eugene, OR), a lipophilic carbocyanine membrane dye, was
used to label live K562 target cells, and propidium iodide (PI; Sigma) was used
to stain nuclear DNA in the prelabeled K562 cells after membrane permeabili-
zation. K562 target cells maintained in 10% RPMI 1640 (10%-RPMI) were
seeded daily for 3 days at a concentration of 2 	 105 cells/ml, after which 3 	 106

target cells were incubated in 10 �l of 3 mM DIO for 20 min at 37°C, washed with
PBS, and resuspended in 10%-RPMI at a concentration of 1 	 106 cells/ml.
Effector NK cells (CD16� CD3�), enriched as described above, were washed
twice with 10%-RPMI, and appropriate numbers were then transferred to each
of five assay tubes to yield final effector-to-target (E:T) cell ratios of 20:1, 10:1,
5:1, and 2.5:1; a tube with effector cells only was used as a negative control. After
the volumes were adjusted to 130 �l by pelleting cells and either removing excess
or adding additional medium, as required, 2 	 104 DIO-stained target cells (in
20 �l) were added to each of these tubes and to control tubes containing either
target cells only or target cells with 10 �l of 1% Triton X-100, as spontaneous or
maximum lysis controls, respectively. To each tube 130 �l of PI working solution
(0.1 mg/ml in 10%-RPMI) was added, followed by a brief centrifugation, to
optimize effector-target cell contact, and incubation at 37°C for 2 h; then the cells
were resuspended and analyzed by FACS. When the effect of IgG/IgG-ICs on
NK cell activity was tested, the enriched effector cell population was incubated
with total IgG in a volume of 1 ml for 45 min and then added directly to assay
tubes, without washing, to yield the different E:T ratios. Alternatively, the en-
riched NK cells were aliquoted to individual tubes to establish the different E:T
ratios, and then appropriate amounts of purified IgG were added to each tube to
maintain a constant ratio of 1 mg IgG/1 	 106 cells. After the volume was
adjusted to 130 �l, the mixture was incubated 45 min before addition of the K562
target cells. The target cells only, target cells with Triton X-100, and effector cell
controls were used to set the gates in DIO-versus-PI dot plots. Viable DIO-
stained or damaged target cells were identified by green fluorescence or both
green and red fluorescence, respectively. Percent lysis, expressed as the percent-
age of cells that were DIO� PI�, was calculated as (number of DIO� PI�

cells)/(number of DIO� PI� cells � number of DIO� PI� cells) 	 100. Percent
specific lysis was determined by subtracting the percent spontaneous lysis of the
target cells only from the percent lysis at each E:T ratio. To calculate lytic units
(LU), a simplified computational method, utilizing formula 12 as described by
Bryant et al. (8), was used. First, the number of cells in 1 	 107 effector cells that
was required to lyse 10% of the target cells (LU10/107 effector cells) was calcu-
lated. Then this value was converted to the number of LU10/106 NK cells that
were present in the enriched effector cell population.

RESULTS

Apparent loss of CD16� cells after SIV infection. Six ma-
caques were inoculated intravenously with virus stocks gener-
ated from transfection of CEMx174 cells with one of two mo-
lecularly cloned viruses; three animals (99P040, 99P041,
99P051) received SIVmac239, and the other three (98P029,
98P062, 99P006) received the SIVmac239-Y/I mutant. After
virus inoculation, the percentages of lymphocyte subsets, in-
cluding CD16� CD3� or CD16� CD3� cells, in whole blood
were monitored. During the first 10 weeks of infection, the
three SIVmac239-infected animals exhibited frequent fluctua-
tions in total percentages of both CD3� and CD3� CD16�

cells (Fig. 1A). After 10 weeks of infection, percentages of total
CD16� cells in blood from macaque 99P040 decreased rapidly
and essentially became undetectable (
1%) at 22 weeks, while
the percentages of CD16� cells in macaques 99P051 and
99P041 progressively declined and were undetectable (
1%)
at 39 and 68 weeks, respectively. In animals exposed to the

SIVmac239-Y/I mutant, after 10 weeks of infection, the
changes in percentages of CD16� cells in 99P006 and 98P062
were similar to those in 99P040 and 99P051 (Fig. 1B). In
contrast, the percentage of CD16� cells in whole blood from
98P029 remained relatively high for about 85 weeks, after
which time the population of CD16� cells quickly fell to un-
detectable levels during the following 9 weeks. Associated with
the observed decline or loss in percentages of CD16� cells in
whole blood, the mean fluorescence intensity (MFI) of CD16
on cells in whole blood gradually decreased after infection
until it appeared that all circulating CD16� cells eventually
were lost (Fig. 2). The actual time course over which the
decrease in MFI of antibodies bound to CD16 was observed
differed among the animals, but the general pattern was iden-
tical for all six animals. Analyses of putative absolute numbers
of CD16� cells, which are calculated from the percentages
determined by FACScan, mirrored the results presented here.

Our previous study showed that in SIVmac239-Y/I-infected
animals the mutation to isoleucine at position 721 reverted to
a tyrosine in some PCR clones obtained from PBMC at 12
weeks after infection (26). When the Y-dependent motif in
viruses from the three SIVmac239-Y/I-infected animals was
sequenced at 13 weeks after infection, all clones generated
from both 98P062 and 99P006 had reverted to tyrosine. Among
eight clones from 98P029 that were analyzed, an isoleucine at
position 721 was present in two while a tyrosine was present in
six clones. These data showed that reversion of I to Y at amino
acid 721 occurred early after infection and was associated with
the apparent early loss of cells expressing CD16 and a progres-
sive decrease in MFI for CD16. The fact that 98P029 main-

FIG. 1. Changes in percentages of CD16� cells in whole blood
from macaques inoculated with SIVmac239 (A) or SIVmac239-Y/I
(B). Circles or ovals indicate the intervals during which the CD16 MFI
reached levels consistent with those of CD16� cell populations. ✝ ,
euthanasia as a result of SIV-induced disease.
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tained detectable CD16� cells in blood might have been re-
lated to the finding that, of the six animals, this one had the
lowest level of SIV RNA in plasma during the first few weeks
after infection (data not shown). However, between 65 and 78
weeks, the amount of plasma virion RNA in this animal in-
creased to the level (�1 	 105 copies/ml) detected in the other
animals and was accompanied by putative decreases in the
number of CD16� cells. The kinetics of anti-SIV antibody
titers and their maximums were the same for all six animals,
except that the highest titers for macaque 98P029 were
achieved gradually, in parallel with increases in virion RNA
levels in plasma.

The one anomaly in the apparent gradual loss of CD16�

cells in blood occurred with macaque 99P006. After a rapid

decrease and maintenance of low numbers of CD16� cells for
approximately 40 weeks, the percentages of these cells de-
tected in whole blood began to increase at 60 weeks after
infection, and this trend continued until the death of the ani-
mal at 67 weeks (Fig. 1B). The reason for this reversal is not
known, since both levels of cell-free virion RNA in plasma and
antibody titers remained high. It is possible, however, that
CD16 acquired a mutation in one of its extracellular domains
that impaired ligand binding such that ICs no longer blocked
binding of MAb 3G8 to CD16 (see below). Mutations that
inhibit binding of mIgG and ICs to CD16 have been described
and predispose humans to autoimmune diseases (69).

Detection of NK cells in blood. Because it was possible that
CD16� CD3� NK cells were still present in blood and that the
failure of MAb 3G8 to recognize CD16 on cells was an artifact,
two other surface markers associated with both human and
macaque NK and T cells, CD8� and CD7, were evaluated (9,
58). A previous study, which is supported by our unpublished
results, demonstrated that in macaques a majority of CD16�

lymphocytes coexpress CD8� and that CD7 is expressed on
about 90% of rhesus CD16� CD8�� double-positive NK cells
(9, 68). By using a MAb to CD3ε in combination with either a
MAb to CD7 or a MAb to CD8�, NK cell populations can be
distinguished from CD3� T and NKT cells. CD7� CD3� and
CD8�� CD3� populations were detected in whole blood from
all animals in which few or no (
1%) CD16� cells were ap-
parent. As an example, although less than 1% of cells in whole
blood from 99P006 at 35 weeks after virus inoculation were
CD16�, 14.3 and 11.1% of the cells were CD8� CD3� and
CD7� CD3�, respectively (Fig. 3). These results indicated that
the gradual decrease in the number of CD16� cells and the
eventual inability to detect CD16� cells in whole blood were
not real and probably did not represent an actual loss of NK
cell populations.

In an attempt to isolate the CD7� CD3� or CD8�� CD3�

cells, PBMC were obtained and depleted of adherent and
CD3� cells; the remaining cells were analyzed by flow cytom-
etry to confirm depletion of T cells. Unexpectedly, expression
of CD16 with high MFI was detected on enriched CD3� NK
cells. CD16 is a low-affinity receptor for the Fc region of IgG,
and MAb 3G8 binds at or near the CD16 ligand-binding site
and competes for binding with the Fc portion of IgG (22, 63).
Binding of MAb 3G8 to CD16 would be inhibited when all
CD16 molecules were saturated with IgG-ICs at physiological

FIG. 2. Analysis of CD16� cells in the lymphocyte gates of whole
blood collected from macaque 99P041. The results are representative
of those obtained from analyses of blood from all six animals. The
times after infection when each FACScan profile was obtained are shown
above each panel. The numbers in the upper left quadrants are percent-
ages of CD16� CD3� NK cells and the MFI for CD16 staining in each
quadrant. For FACScan profiles shown in all figures, MFIs are not
provided if the number of events in a quadrant were too few and
scattered, leading to aberrant MFIs.

FIG. 3. Detection of CD16� CD3�, CD8�� CD3�, and CD7� CD3� cell populations in whole blood collected from macaque 99P006 (35
weeks). The putative percentages of NK cells with the indicated immunophenotypes are shown in the upper left quadrant of each FACScan plot.
The CD3� populations in the upper and lower right quadrants are T cells.
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concentrations, but during isolation of PBMC, the ligands
would dissociate from CD16, making it available to MAb 3G8.
To test this hypothesis, flow cytometry was performed with
whole blood and PBMC isolated from the same blood samples
of all six animals. As expected, the MFIs of CD16 and the
percentages of CD16� cells in PBMC were substantially higher
than those in whole blood (Fig. 4). For the representative dot
plots shown in Fig. 4, the changes in percentages of total
CD16� cells (percentages in upper left plus upper right quad-
rants) increased from 
1% in blood to approximately 30% in
PBMC from macaque 99P040 and from 12.4 to 25.7% in
PBMC from 99P041. In addition, the MFI for CD16 expression
in CD3� cells from the latter animal increased more than
40-fold (from 38.2 to 1,602) after separation of PBMC from
whole blood and removal of plasma.

Detection of CD16 protein in cell lysates. It was possible that
some of the observed differences in CD16 expression on cells
between whole blood and PBMC were associated with down-
regulation of CD16 protein expression in NK cells. To test this
possibility, immunoblot analyses of lysates of enriched NK cells
were performed using the anti-CD16 MAb 3G8. Lysates of
cells from the three SIVmac239-infected animals (99P040,
99P041, 99P051) at 27 weeks, from one SIVmac239-Y/I-in-
fected animal (98P062) at 35 weeks, and, as a control, from one
animal (99P032) infected with a related attenuated SIVmac239
variant that had no apparent loss of CD16� cells were tested.
The apparent percentages and absolute numbers of CD16�

cells in whole-blood samples from these animals ranged from
0.45 to 29.3% (not shown) and from 13 to 973 cells/�l, respec-
tively (Fig. 5, number of CD16� cells/�l). CD16 protein was
found in cell lysates from all animals. To compare CD16 ex-
pression levels among these five animals, the intensities of
CD16 protein bands relative to those of an internal control
protein, �-actin, in each lysate were calculated and normalized
to 100% NK cells, which was necessary because of differences
in the extent of enrichment (Fig. 5, percent CD16� cells) of the
NK cells from different animals. The levels of CD16 expression
(Fig. 5, normalized ratio), designated by relative intensities

[(CD16/�-actin ratio)/(percent CD16� cells) 	 100], were sim-
ilar for 98P062, 99P041, and 99P051 despite differences in
putative percentages and numbers of CD16� cells in whole
blood. Of note, although the percentage of CD16� cells in
whole blood from the control animal (99P032) was markedly
higher (29.3%), no significant differences in CD16 expression
levels were observed between three of the four infected ma-
caques and the control animal. The exception was macaque
99P040, which appeared to have 10-fold-lower expression of
CD16. It is possible that this finding was related to the fact that
this animal had had blocked recognition of CD16 in whole
blood longer than any of the other animals, resulting in down-
regulation of expression of CD16.

Inhibition of CD16-3G8 interactions by macaque plasma.
To investigate whether recognition of CD16 molecules on NK
and CD16� CD3� NKT cells in blood of infected animals was
blocked by IgG or ICs and whether the failure of MAb 3G8 to
bind CD16 was dependent on the amount of available ligands,
dose-response experiments were performed with plasma sam-
ples obtained from macaque 99P006 on day 0 (PL006/0) and at
39 weeks (PL006/39) after infection; CD16� cells had not been
detected in whole blood in this animal since week 27. In addi-
tion, plasma obtained at 47 weeks (PL016/47) from an animal
(98P016) with nonprogressive SIVmac239 infection that had
exhibited no decrease in CD16 MFI (data not shown) was used
as a negative-control sample. (Macaque 98P016 had rapidly
controlled and maintained virion RNA levels in blood at 
100
copies/ml since 10 weeks after inoculation, and its antibody
titers to SIVmac239 had fluctuated between 6,400 and 12,800
for more than 90 weeks.) Freshly isolated macaque PBMC
were incubated with varying amounts of plasma samples—

FIG. 4. Comparison of CD16� cell populations detected in whole
blood and PBMC obtained from macaques 99P040 and 99P041 at 35
weeks after infection. Numbers in upper left and right quadrants in-
dicate CD16 percentages and MFIs for cells in the two quadrants.

FIG. 5. Expression of CD16 in NK cells enriched from PBMC of
macaques with different percentages of CD16� cells detectable in
whole blood. The ratio of CD16 to �-actin was determined using areas
under the curves of the respective bands, measured with an AlphaIm-
ager. The relative intensity or normalized ratio (CD16:�-actin ratio)
for each animal was determined by dividing each ratio by the percent-
age of CD16� cells in the enriched PBMC fractions and multiplying
by 100.
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PL006/0, PL006/39, or control PL016/47—before addition of
MAb 3G8-PE. As the volume of PL006/39 increased from 0 to
200 �l (in 50-�l increments), a decline in the apparent per-
centage of CD16� cells was observed (Fig. 6A): inhibition of
MAb 3G8 binding to CD16 with 50, 100, and 200 �l of
PL006/39 from macaque 99P006 was 81, 97, and 99%, respec-
tively. In contrast, the observed percent decrease of CD16�

cells in the presence of 50 �l of PL006/0 from macaque 99P006
was 28%, with a maximum of 38% when 200 �l of PL006/0 was
added. Incubation of cells with the same volumes of the control
plasma from the infected nonprogressor macaque (98P016)
gave equivalent reductions in MAb 3G8 binding. Moreover,
the maximal effect on the MFI of CD16 was achieved with 100
�l of PL006/0: the MFI of the CD16-3G8 interaction de-
creased 3.3-fold (Fig. 6B). Similar results were obtained when
cells were incubated with serum (instead of plasma) obtained
on day 0 and at 43 and 47 weeks from 99P006 (data not shown).
The data obtained using 99P006’s day-0 plasma or serum sam-
ples also indicated that percentages and numbers of CD16�

cells in whole blood were, in general, underestimated by MAb
3G8, because recognition of and binding to CD16 were par-
tially blocked under normal physiological conditions due to
CD16 recognition and binding of the fluctuating amounts of
mIgG and/or IgG-ICs that always circulate in normal blood.

Correlation between numbers of CD16� cells, SIV antibody
titers, and viral loads. All six animals had not only high serum
antibody titers to SIVmac239 (range, 51,200 to 1,638,400 [4.71
to 6.21 log10]) but also high virion RNA copy numbers (4.79 to
6.32 log10 copies/ml) in plasma during the time the decline in
the MFI of MAb 3G8 binding to CD16 was observed; there-
fore, it was likely that IgG-associated ICs, especially SIV-con-
taining ICs, played a major role in blocking interactions be-
tween CD16 and MAb 3G8. When the relationships between
the apparent absolute numbers of CD16� cells detected in
whole blood and serum antibody titers or plasma viral loads were
analyzed (Spearman correlation), the apparent absolute number
of CD16� cells correlated inversely with both SIVmac239 anti-
body titers and viral loads (Fig. 7). Collectively, these results
supported the idea that SIV-ICs gradually increased as the

concentration of antibodies to SIVmac239 increased, ultimately
reaching a level at which the binding of MAb 3G8 to CD16 on
NK and NKT cells was inhibited completely. In animals such as
98P016 with low viral burdens and low antibody titers, and thus
fewer circulating ICs, saturation of CD16 probably did not occur
and some CD16 was available for subsequent MAb 3G8 binding
in the FACS analysis.

Blocking of CD16-3G8 interaction by SIV-ICs. Levels of
HIV-ICs and ICs containing antigens from concurrent micro-

FIG. 6. Plasma inhibition of recognition and binding of MAb 3G8 to CD16. PBMC from macaques were incubated with increasing amounts
of plasma from macaque 99P006 or 98P016, and the residual percentages of CD16� cells (A) and the respective MFIs of CD16 (B) were evaluated.
The data points represent mean values for plasma samples from each animal; plasma collected from 99P006 and 98P016 at 39 and 47 weeks after
infection, respectively, was tested with PBMC from three different macaques. Plasma samples collected from 99P006 before infection were tested
on two occasions with PBMC from three different macaques (n � 6).

FIG. 7. Correlation between apparent absolute numbers of CD16�

cells in whole blood and either plasma viral RNA levels (A) or SIV
antibody titers (B). Data obtained between 4 and 94 weeks for the
three SIVmac239-infected animals and between 8 and 94 weeks (in-
clusive) for the three SIVmac239-Y/I-infected animals were combined
for both analyses (Spearman correlation).
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bial infections are elevated in HIV-infected patients (52); rel-
ative to healthy controls, significant differences in the levels of
both types of ICs are observed. Because animals in our study
were housed in an isolation facility, the chance for them to
acquire secondary infections was probably lower than that for
HIV-infected humans. Thus, it is probable that most IgG-ICs
circulating during chronic progressive SIVmac239 disease,
which is associated with high viral loads and antibody titers, are
SIV-ICs. If this conclusion is valid, total IgG purified from
plasma samples from 98P016, with nonprogressive SIV infec-
tion, undetectable virus, and low antibody titers, would contain
relatively lower concentrations of SIV-ICs. In contrast, total
IgG isolated from plasma samples obtained from animals with
no detectable CD16� cells would consist primarily of SIV-ICs.
To test this assumption, total IgG was purified by passage of
plasma samples over protein G-Sepharose columns. The
plasma components not bound to protein G migrated through
the column in the wash buffer (flowthrough fraction); those
eluted from the protein G column contained total IgG, includ-
ing IgG-ICs. IgG was purified using plasma samples from
99P006 at 47 weeks, from 99P051 at 40 weeks, from 98P016 at
47 weeks, and from 99P040 before infection (day 0). In order
to have enough purified IgG from macaque 99P006 for several
experiments, total IgG in four 1-ml aliquots of plasma from
this animal was isolated independently; eluted fractions with
the highest optical densities at 280 nm were used. When 100-
and 200-�l aliquots of all flowthrough fractions were incubated
with 1 	 106 PBMC, followed by addition of an excess amount
of MAb 3G8 (10 �l/3.3 	 105 cells), the percentages of CD16�

cells and the MFIs of CD16 were not different from those
obtained without the addition of each plasma fraction (not
shown). These results demonstrated that components in the

flowthrough had no effect on blocking MAb 3G8 binding to CD16
even though soluble p27gag antigen was present in these fractions
(range of p27gag protein concentrations, 8 to 60 pg/ml).

Using PBMC from different macaques, the apparent per-
centages of CD16� cells progressively decreased as the amount
of purified IgG (containing SIV-ICs and unrelated ICs) from
macaques 99P006 and 99P051 was increased from 0 to 2 mg in
twofold increments; a maximum of 97% inhibition was ob-
served in the presence of 2 mg of total IgG from 99P006 (Fig. 8).
The p27gag antigen concentration in the purified IgG pools
from macaques 99P006 and 99P051 ranged from 8 to 48 pg/ml,
confirming that total IgG from both macaques contained SIV-
ICs. Although the degree of inhibition of MAb binding to
CD16 differed among animals and in independent experi-
ments, the mean percent inhibition that occurred with different
amounts of IgG clearly showed a dose-dependent decrease in
the ostensible percentages of CD16� cells in PBMC. Compar-
ison of the percent inhibition of MAb 3G8 binding to CD16
observed with 0.5 mg of IgG from the two progressors with the
percent inhibition observed with the same amount of IgG from
the nonprogressor (98P016) and preinfection plasma donor
(99P040) macaques revealed distinct differences in the abilities
of IgG/IgG-ICs from the latter two animals to inhibit binding.
In fact, 1 to 2 mg of IgG from 98P016 was required to obtain
the same degree of inhibition as 0.125 and 0.25 mg of IgG/
IgG-ICs from 99P006 and 99P051. This difference indicated
that about eightfold more IgG/IgG-ICs were required to block
MAb 3G8 binding, which most likely can be explained by the
disparate plasma virion RNA levels and serum SIV-specific
antibody titers in the three infected animals (Table 1). The
inhibition observed with IgG/IgG-ICs isolated from the non-
progressor and uninfected animals can be attributed to much
smaller amounts of IgG and IgG-ICs formed with SIV and
antigens unrelated to SIV. Taken together, these data demon-
strate that recognition of CD16 expressed on NK (and NKT)
cells in chronically infected animals with high viral loads and
titers of SIV-specific antibodies was blocked primarily by SIV-
ICs and that the extent of inhibition of MAb 3G8 binding to
CD16 was related to the amount of SIV-ICs present in whole
blood, plasma, and the purified IgG fractions.

Effect of IgG/IgG-ICs on NK cell activity. To determine
whether the presence of IgG/IgG-ICs in blood might affect NK
cell activity, CD16� CD3� cells were enriched from PBMC
from two healthy and two SIVmac239-infected animals. Com-

FIG. 8. Inhibition of binding of MAb 3G8 to CD16 on the cell
surface by purified IgG and IgG-ICs. Values shown are percentages of
the value for the control (100%) to which no IgG was added. Total IgG
and IgG-ICs were purified from plasma samples either from progres-
sors (99P006 and 99P051), from a nonprogressor (98P016), or from
99P040 before infection (IgG040/0). These IgG preparations, desig-
nated by the last three digits of the animal identification number and
the number of weeks after infection (e.g., IgG006/47), were tested by
using PBMC from uninfected macaques and evaluating the percent-
ages of CD16� cells after incubation with different amounts of the puri-
fied IgG/IgG-ICs. The numbers of independent experiments performed
using the various IgG/IgG-ICs are given below the plasma designations;
the value for the percentage of CD16� cells is the mean of values from all
experiments with a particular IgG/IgG-IC preparation. For some IgG
preparations, not all concentrations were tested the same number of
times. Omission of a bar at a particular IgG concentration indicates that
the concentration was not tested (not determined [ND]).

TABLE 1. Differences in apparent numbers of CD16� NK cells in
whole blood and purified PBMC from SIV-infected macaques

at the time when IgG was purified from plasma

Macaque
Viral RNAa

concn
(copies/ml)

Antibody
titer

p27gag concnb

(pg/ml)

% (no.) of CD16�

cellsc in:

Whole
blood PBMC

98P016 
100 12,800 0 13.4 (245) 18.4 (337)
99P006 390,000 819,200 48 0.78 (4) 27.2 (151)
99P051 111,000 1,638,400 15 0.89 (18) 49.1 (1,018)

a SIVmac239 virion RNA in plasma at the time when IgG was purified.
b Amount of SIV p27gag in the IgG fractions after purification on protein

G-Sepharose columns.
c Obtained by FACScan using a whole-blood assay or purified PBMC and from

complete blood counts and differentials, respectively.
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pared to those in PBMC, the percentages (range, 41.5 to 78%;
average, 55.1% [for eight experiments]) as well as numbers of
NK cells in the populations used as effector cells were higher in
these enriched populations. Therefore, we reassessed whether
total IgG from 98P016 (at day 0 and at 47 weeks) and 99P006
(at day 0 and at 47 and 52 weeks) would block the presumed
larger number of CD16-3G8 interactions. (Additional IgG
pools were purified from 99P006’s plasma obtained at 52 weeks
after infection; the SIV p27gag antigen concentration ranged
from 7.7 to 21 pg/ml.) Blocking assays using 1 	 106 enriched
cells and 1 mg of purified IgG from day-0 plasma from 98P016
and 99P006, 47-week plasma from 98P016, and 47- and 52-
week plasma from 99P006 showed that the interactions be-
tween CD16 and 3G8 were blocked only when purified IgG/
IgG-ICs obtained from 99P006 at late times after infection
were added (Table 2). Inhibition of CD16-3G8 binding by total
IgG purified from the day-0 plasma and the IgG016/47 sample
was similar to that obtained when eightfold less (0.125 mg;
25% inhibition) IgG/IgG-ICs from 99P006 were used. These
results are comparable to those obtained when PBMC were
used to demonstrate blocking of CD16-3G8 binding by IgG/
IgG-ICs (Fig. 8) and indicated that 1 mg of purified IgG was
sufficient for use in lytic assays with enriched NK cells.

Regardless of whether blocking IgG/IgG-ICs were present,
that is, whether the IgG was obtained from 99P006 after in-
fection, incubation of NK cell-enriched populations with vari-
ous purified IgG preparations before testing for lytic activity
against K562 cells had no inhibitory effect on cell killing (Table
2). In fact, in individual assays, compared to the control to
which no IgG was added, there was a trend toward augmen-
tation of the calculated number of LUs when purified IgG was
present. Even when the assay protocol was varied by adding
purified IgG from 99P006 to each individual E:T tube contain-
ing different numbers of effector cells and carrying out the
incubation step in a smaller volume to facilitate interactions,
no inhibition of killing of K562 cells was detected. When this
alternate assay and 99P006’s IgG/IgG-ICs were used, NK cell

killing against K562 cells increased from 8.81 to 10 LU10/106

NK cells. Thus, addition of IgG and IgG-ICs to the NK cell
lytic assay appeared to have no effect on killing of K562 cells.

DISCUSSION

As disease progresses during SIV infection of macaques,
both viral load and SIV-specific antibody titers increase. In
general, high antibody titers are correlated directly with high
viral burdens; animals that are naturally slow progressors or
those infected with attenuated strains have the lowest viral
loads and antibody titers (31, 39). The exception occurs in
those macaques that rapidly progress to AIDS and die in less
than 6 months, in which case little or no detectable antibodies
are generated despite high viral burdens (21, 31). In this re-
port, as virus load and antibody titers increased in SIV-infected
macaques, levels of circulating mIgG and/or IgG-ICs increased
and bound CD16 on NK cells, with the result that, when whole
blood was analyzed by flow cytometry, recognition of CD16 by
MAb 3G8 was blocked, giving the erroneous perception that
NK cells were being depleted. Generally, we did not observe
actual decreases in numbers of NK cells in SIV-infected pig-
tailed macaques until late stages of infection, when the animals
became lymphopenic and numbers of all lymphocyte subsets
declined. The presence of increased levels of ICs in association
with primate lentivirus-induced disease is not a new finding.
Early in the AIDS epidemic, high levels of ICs were detected
in HIV-infected individuals, and after the virus was identified
as the etiologic agent of AIDS, these ICs were shown to con-
tain HIV virions or proteins (36, 37, 51, 52, 54). Consistent
with SIV infection of macaques, the formation of HIV-ICs was
related to high titers of HIV-specific antibodies, high levels of
HIV virion RNA in plasma, and progressive disease (14, 19, 51,
52, 54). Furthermore, complement fixation by HIV-ICs was
shown to facilitate dissemination of virus bound as an IC to B
cells, dendritic cells, or erythrocytes, thus contributing directly
to infection of CD4� T cells and to disease (32, 36, 37, 53).

Many investigators use EDTA-treated whole blood to detect
and quantify different types of leukocytes by flow cytometry;
therefore, our observations are important and should be con-
sidered whenever a cell population is being evaluated by the
presence or absence of any surface marker, not just CD16, that
might be blocked by high concentrations of its natural ligand in
blood. By using a whole-blood procedure, results similar to
ours were obtained by Daniel et al. (14) and Mansour et al.
(48), who detected decreased percentages and loss of absolute
numbers of CD16� cells in blood samples from HIV-infected
persons. They, however, did not attribute this putative cell loss
to the possibility that ICs were blocking binding of the fluoro-
chrome-labeled antibodies to CD16. These observations can
explain some of the discrepancies that have been reported
regarding the effect(s) of HIV or SIV infection on numbers of
NK cells in susceptible hosts, especially if the MAb to CD16
recognizes an epitope on or near the Fc-binding region, like
3G8. Giavedoni et al. (29) used MAb 3G8 to evaluate CD16�

CD3� NK cells in whole blood obtained from four rhesus ma-
caques during the first 32 weeks after inoculation of SIVmac251;
however, they did not observe progressive loss of these cells.
Their result is easily explained because only one animal had
elevated plasma p27gag levels and that animal had little or no

TABLE 2. Effect of IgG/IgG-IC blocking of the MAb 3G8–CD16
interaction on NK cell activity against K562 cells

IgG sourcea
Inhibition of
3G8 binding

(%)b

Median
LU10/106

NK cellsc

% of
controld

No. of
assayse

None 6.68 100 7
IgG006/0, IgG016/0 34 5.72 96 4
IgG016/47 15 4.67 97 4
IgG006/47 or IgG006/52 96 8.15 117 5

a Assays were done using 1 mg of each IgG/IgG-IC preparation and enriched
NK cells.

b In each experiment, percent inhibition was calculated from the percentage of
CD16� CD3� cells that were detected by FACScan after incubation of 1 mg of
purified total IgG with an enriched NK cell population. Values shown represent
mean percent inhibition relative to the percentages of CD16� CD3� cells in the
enriched populations.

c There was no significant difference in LU10/106 NK cells when means for the
various sources of purified IgG were compared with that for the control (Stu-
dent’s t test).

d The 100% control represents the mean LU10/106 NK cells in individual
assays for each enriched NK cell population that was not incubated with purified
IgG before addition of K562 target cells.

e Results obtained using effector cells from both uninfected and SIVmac239-
infected macaques were combined to determine means for percent inhibition
and median LUs.
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detectable antibodies to SIV structural proteins. Based on our
results, both SIV-specific antibodies and a high level of viremia
are required to block detection of CD16 by 3G8 in whole
blood.

Although ICs can have a more detrimental effect physiolog-
ically than mIgG, the Fc portion of mIgG can bind to CD16, as
shown by others (22, 23, 61), and contribute to decreases in
MFI, such as we observed (Fig. 6 and 8). Similarly, ligation of
CD16 by mIgG can lead to reversible functional defects in NK
cell activity that are related both to direct cell killing and
ADCC and to production of CC chemokines and cytokines,
including IFN-� (61, 62). However, in conjunction with other
factors, such as costimulation signals, ligation of CD16 by
mIgG can upregulate NK cell proliferation and cytokine re-
lease (61, 62). NK cell defects induced by mIgG binding to
CD16 were reversed in the presence of added IFN-� or inter-
leukin-2 or if the incubation time of NK cells with mIgG was
increased. Moreover, up- or downregulation of NK cell activity
was dependent on the IgG1 subclass of mIgG (61).

In the context of lentivirus infections, decreased production
of MIP-1� and -1� and RANTES might contribute to disease
progression, because these CC chemokines can inhibit HIV/
SIV infection of CD4� T cells that express the CCR5 corecep-
tor. It is difficult to determine the in vivo effects of mIgG and
IC binding to CD16, but because (i) Engelhard et al. (23)
showed that NK cell activity decreased in patients treated with
gamma globulin and (ii) hypergammaglobulinemia is a hall-
mark of HIV infection (43), it is likely that circulating mIgG
contributes to aberrant NK cell function in HIV-infected indi-
viduals. However, in numerous in vitro reconstruction experi-
ments, in which various concentrations of purified IgG/IgG-
ICs or macaque plasma samples containing ICs were added to
enriched NK cells, we detected no inhibition of NK cell killing
of K562 cells, consistent with a lack of inhibition of human NK
cells by ICs (61). This finding was reproducible when enriched
NK cells from either uninfected or SIV-infected macaque do-
nors of the CD16-blocking antibodies and ICs were used. How-
ever, it is possible that SIV-ICs might inhibit NK activity in
SIV-infected macaques. The question of whether, as SIV-ICs
increase in infected macaques, other functional activities of
NK cells, such as ADCC or IFN-� production, are lost, the
type and extent of any dysfunction, and its possible impact on
disease progression are currently under investigation. Further-
more, a comprehensive analysis of the effects of SIV infection
and high levels of ICs on expression of other NK receptors,
which can be altered during HIV infection (27, 41), is needed.
These include a complex array of activating and inhibitory
receptors (e.g., NKG2A, NKG2D, NKp30, and NKp46), which
are now being characterized in macaques (17, 49).

In summary, a consequence of high levels of HIV/SIV vire-
mia and virus-specific antibodies is the formation of large num-
bers of HIV/SIV-ICs that can contribute to disease in several
ways. The ICs can (i) fix and deplete complement components
(57); (ii) bind to CD16, resulting in aberrant induction of
cellular activation pathways and possible anergy (62, 67); (iii)
facilitate dissemination of the virus as complement compo-
nents attached to the HIV/SIV-ICs bind complement receptors
on various cell types (32, 37, 51, 53); and (iv) mask recognition
by CD16 of the Fc portions of antibodies bound to viral gly-
coproteins on infected cells, thereby inhibiting cell killing (61).

Furthermore, the presence of large numbers of HIV/SIV-ICs
could contribute to impairment of innate immune responses,
such as decreased IFN-� production (2), with secondary effects
on transition to adaptive responses, leading to acquisition of
opportunistic infections. Lastly, to develop a coherent picture
of the effects of mIgG, ICs, and other host factors associated
with HIV/SIV disease on NK cell numbers and functions, it is
imperative that investigators reach a consensus regarding the
immunophenotypes of subsets of this cell population in rele-
vant species and be cognizant of factors that might yield results
that are artifacts, such as those described here. Relative to
detection of CD16� NK cells using whole-blood assay proce-
dures, a possible solution is to employ a MAb, such as 214.1,
that does not recognize the CD16 ligand-binding site (22).
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