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The biological activity of CpG oligodeoxynucleotide 2216 (ODN2216), a Toll-like receptor 9 agonist, was
investigated with monocytes from human immunodeficiency virus (HIV)-negative and HIV-positive (HIV�)
donors. Exposure of peripheral blood mononuclear cells to CpG ODN2216 led to decreased expression of the
monocyte marker CD14 and increased expression of the dendritic cell marker CD83, as well as increased
expression of HLA-DR, CD40, CD80, and CD86 among the monocytes. Several features of the CpG ODN-
induced maturation were diminished in monocytes from HIV� donors, and these deficiencies were related to
increased viremia but not to CD4 cell counts. Alpha interferon (IFN-�) was implicated as at least a partial
mediator of the CpG ODN-induced monocyte maturation. Reduced production of IFN-� in response to CpG
ODN and reduced frequencies of plasmacytoid dendritic cells, the principal IFN-�-producing cell type in
peripheral blood, were observed in peripheral blood mononuclear cells from HIV� donors. These deficiencies
also were related to levels of plasma HIV RNA. Responses of monocytes from HIV� donors to direct
stimulation with IFN-� also were partially impaired. Thus, reduced production of IFN-� and reduced IFN-�
responsiveness may contribute to diminished functional responses to CpG ODN in HIV disease. Application
of CpG ODNs in HIV disease for adjuvant or immunoregulatory purposes may be particularly useful for HIV�
donors without high-level viremia.

The immune system requires both innate and adaptive im-
mune mechanisms to detect and control invading pathogenic
microorganisms. Professional antigen-presenting cells (APCs),
such as dendritic cells (DCs), play an important role in bridg-
ing the responses of innate and acquired immunity (15). For
example, plasmacytoid dendritic cells (pDC) produce alpha/
beta interferon (IFN-�/�) when exposed to viral pathogens or
bacterial DNA (15, 25), and the production of interferon by
pDC may mediate innate immune functions to help limit the
spread of invading pathogens and may also recruit adaptive
immune responses by enhancing the function and maturation
of APCs (16), including monocytes and myeloid dendritic cells
(20, 24). These matured APCs possess greater potential to
mediate antigen-dependent activation of T lymphocytes and
consequently more effective adaptive immune responses (24).

Knowledge of the pathways that connect innate and adaptive
immune responses has led to the design of candidate immu-
notherapeutics and vaccine adjuvants, including unmethylated
CpG oligodeoxynucleotides (ODNs) (17). Bacterial CpG DNA
or synthetic CpG oligodeoxynucleotides activate pDC through
the Toll-like receptor 9 (TLR9), leading to IFN-�/� produc-
tion by these cells (17). The resulting cytokine milieu may

optimize innate and adaptive immune responses, as has been
suggested by mouse studies that examined CpG ODN for ad-
juvant activity (1). In mice, CpG ODNs increase Th1-type
immune responses (6), enhance the processing and delivery of
soluble antigens into the class I pathway for presentation to
CD8 T cells, and induce CD8 T-cell responses to antigens
independently of CD4 help (4, 5). Thus, CpG ODNs appear to
have substantial potential as vaccine adjuvants, particularly for
the induction of cell-mediated immunity.

Application of these reagents for use in humans may take
some refinement, since CpG ODNs are made in various forms
that mediate different responses and have different levels of
activity in mouse and human cells (17). Class A CpG ODNs
are good IFN-� inducers (especially CpG ODN2216), while
class B CpG ODNs induce primarily B lymphocyte prolifera-
tion responses with interleukin-6–immunoglobulin M secretion
(17, 31). Class C CpG ODNs activate B cells and induce IFN-�
in pDC, but are less effective than class A CpG ODNs for
IFN-� production and may have a greater ability than class B
CpG ODNs to activate B cells (12). Thus, the choice of a CpG
ODN will require consideration of the desired immune re-
sponse and testing for that desired outcome in the appropriate
clinical setting.

One potential application for CpG ODNs may be in the
setting of human immunodeficiency virus (HIV) infection.
HIV disease presents a unique challenge for vaccine design
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since patients may experience profound CD4 cell loss with
generalized immunodeficiency and impaired responsiveness to
immunization (7, 27, 28). The potential for CpG ODNs to
enhance CD8 T-cell responses independently of CD4 cell help
(4, 5) may therefore be particularly relevant to HIV disease.
CpG responsiveness may, however, be impaired in HIV dis-
ease due to the depletion of pDC and possibly also due to
qualitative impairments in pDC or other APCs (2, 8, 9, 22, 23).
In the present study, we found impairments in maturation of
peripheral blood monocytes in response to CpG ODN (CpG
ODN2216) among cells from HIV-positive (HIV�) subjects.
The defects were related to plasma HIV RNA levels and par-
tially explained by impaired IFN-� production and interferon
responsiveness. These impairments may represent an impor-
tant limitation for CpG ODN applications in uncontrolled
HIV infection.

MATERIALS AND METHODS

Antibodies and reagents. Endotoxin-free CpG ODN2216 (ggGGGACGATC
GTCgggggG) and ODN2243 (GC control for CpG ODN2216; ggGGGAGCAT
GCTCgggggG) were provided by Coley Pharmaceutical Group, Inc. (Wellesley,
Mass.) and used at a concentration of 3 �g/ml. The culture medium comprised
RPMI 1640 (BioWhittaker, Walkersville, Md.) supplemented with 50 U of pen-
icillin/ml, 50 �g of streptomycin/ml, 2 mM L-glutamine (BioWhittaker), and 10%
fetal bovine serum (Sigma-Aldrich, St. Louis, Mo.). Monocyte isolation buffer
contains phosphate-buffered saline with 0.5% bovine serum albumin and 2 mM
EDTA. Recombinant IFN-�2a (PBL, Piscataway, N.J.) was used at concentra-
tions of 1,000 and 10,000 U/ml. A concentration of 1,000 U of IFN-�/ml, while
high, is occasionally detected in peripheral blood mononuclear cell supernatants
after overnight incubations with CpG ODN2216. This concentration and a 10-
fold-higher concentration were chosen to maximize the potential immunoregu-
latory activity of IFN-�. Some studies included dose responses based on con-
centrations ranging from 10 to 10,000 U/ml. Neutralizing anti-IFN-� and -�
receptor antibody (PBL) and control mouse immunoglobulin G2a (BD PharM-
ingen, San Diego, Calif.) were used at a concentration of 10 �g/ml. The IFN-�
enzyme-linked immunosorbent assay (ELISA) kit was obtained from PBL.

Cell preparation and culture. Blood was drawn into heparin-coated tubes
from 24 healthy donors and 55 HIV type 1 (HIV-1)-infected patients. The
clinical characteristics of the HIV� individuals are summarized in Table 1.
Peripheral blood mononuclear cells (PBMC) were isolated over a Ficoll-
Hypaque cushion. Isolated PBMC (2 � 106 cells/ml) were incubated in 24-well
plates for 24 h with CpG ODN, with recombinant IFN-�, or in medium alone.
Cell supernatants were stored at �70°C before being analyzed by ELISA (PBL)
for IFN-� concentration. To prepare purified monocytes, pDC were depleted by
labeling whole blood with anti-human CD123 antibody (StemCell Technologies,
Inc., Vancouver, Canada) followed by isolation of CD123-negative cells over a
Ficoll-Histopaque cushion. CD123-depleted PBMC were then depleted of T
cells, NK cells, B cells, DCs, and basophils by using a MACS monocyte isolation

kit (Miltenyi Biotec, Bergisch Gladbach, Germany). Monocytes were examined
for purity by flow cytometry (�95% purity) and for viability by trypan blue
staining (�98% viability). Monocytes were subsequently cultured in 12-well
plates (0.5 � 106 cells/ml) in fresh complete medium with or without CpG ODN
or IFN-� for 24 h. Some cells were used in transwell (Costar, Cambridge, Mass.)
experiments after purified monocytes were placed in the top wells and whole
PBMC were placed in the bottom.

Allostimulation by monocytes. PBMC were cultured for 24 h with CpG
ODN2216 (3 �g/ml) or in medium alone. Monocytes were subsequently isolated
from these cultures by using CD14 microbeads (AutoMACS; Miltenyi Biotec).
Monocytes were recovered, washed, and placed in 96-well plates (6 � 104

cells/well). Heterologous PBMC (6 � 105 cells/well) from unrelated healthy
individuals were added to each well as responder cells. After 5 days of incuba-
tion, cell cultures were pulsed with [3H]thymidine (0.5 �Ci per well; MP Bio-
medicals, Cleveland, Ohio) and then harvested onto glass fiber mats. Radioac-
tivity was measured with a liquid scintillation counter.

FIG. 1. CpG ODN2216 down-regulates monocyte CD14 expres-
sion and up-regulates monocyte CD83 expression. PBMC from 24
healthy donors and 55 HIV� donors were cultured in medium or
medium supplemented with either CpG ODN2216 (3 �g/ml) or CpG
ODN2243 (3 �g/ml) for 24 h. Cell surface expression of CD14 and
CD83 was determined by flow cytometric analysis. For analysis of
CD14 expression, monocytes were identified by forward and side scat-
ter characteristics, and for analysis of CD83 expression, monocytes
were identified by gating on CD14� cells. (A) Representative flow
histograms. Filled histograms represent CD14 or CD83 expression in
cells cultured 24 h without any stimuli, solid lines represent CD14 or
CD83 expression in cells cultured with CpG ODN2216, and dashed
lines represent CD14 or CD83 expression in cells cultured with control
ODN2243. FITC, fluorescein isothiocyanate; APC, allophycocyanin.
(B) Summary of results showing the MFI of CD14 or CD83 expression
among cells incubated in medium alone (med) or with CpG ODN2216.
P values were determined by two-tailed Student’s t test. The numbers
shown above the data points are the mean values for the respective
observations.

TABLE 1. Clinical characteristics of 55 HIV � donorsa

Characteristic

Description or result for donors with
indicated no. of copies of

virus/ml of plasma

�400 �400

No. of donors 25 30
Age 47 � 4 44 � 5
Sex (no. of males/

no. of females)
17/8 21/9

CD4� T cells/�l 152 � 35 403 � 40
Plasma HIV RNA

c/ml 62,778 � 16,854 125 � 28
Range 540 to 351,515 ND to 400

a Data shown are means � SEM. ND, not determined.
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Flow cytometry. Surface molecule expression was monitored by staining cells
with the following monoclonal antibodies: anti-CD14-fluorescein isothiocyanate,
anti-HLA-DR-peridinin-chlorophyll-protein (PerCP), anti-CD123-phyco-
erythrin, anti-CD11c-phycoerythrin, anti-CD80-Cychrome, anti-CD86-Cy-
chrome, anti-CD40-Cychrome, anti-CD83-allophycocyanin, and the appropriate
isotype control monoclonal antibodies (BD PharMingen). Cells were stained and
then washed in wash buffer (phosphate-buffered saline with 1% bovine serum
albumin and 0.1% sodium azide), fixed in 1% formaldehyde, and analyzed using
a dual-laser flow cytometer (FACSCaliber; Becton Dickinson, San Jose, Calif.)
and CellQuest software (BD Bioscience, San Diego, Calif.).

Statistical methods. Categorical variables were compared by Pearson’s chi-
square or Fisher’s exact test, and continuous variables were analyzed by Student’s
t test or Mann-Whitney U test as required. Univariate analyses of the correlation
between continuous variables were carried out by Spearman’s test, and multi-
variate analyses were conducted by fitting multiple regression models by using a
backward stepwise strategy. Exploratory analyses of the independence of asso-
ciation between pairs of predictors of interest (e.g., CD4�-T-cell count and HIV
RNA) and marker expression were done by calculating partial correlation coef-
ficients. To test for trends across ordered categories of continuous variables, we

used analysis of variance (ANOVA) with polynomial contrasts. All tests are
double-sided, and a P value of 0.05 was considered nominally significant.

RESULTS

CpG ODN2216 decreases monocyte expression of CD14 and
increases expression of CD83 in PBMC from HIV-negative
(HIV�) and HIV� donors. To examine the effects of CpG
ODN on the phenotypes of human monocytes, PBMC were
incubated for 24 h in medium with or without CpG ODN2216
or with control ODN2243. The cells were then processed for
flow cytometric analyses.

Initially, we assessed the levels of CD14, a characteristic
monocyte marker, on cells that displayed forward scatter (cell
size) and side scatter (granularity) profiles consistent with
monocyte morphology. At baseline, more than 80% of these

FIG. 2. CpG ODN2216 increases monocyte expression of CD80, CD86, CD40, and HLA-DR. (A) Representative flow histograms from a
healthy donor and an HIV� donor. Filled histograms represent surface molecule expression in cells cultured 24 h without stimuli; solid lines
represent surface molecule expression in cells cultured with CpG ODN2216 (3 �g/ml) for 24 h. (B) Summary results of all studies in HIV� and
HIV� donors. Statistically significant differences in the expression of CD80, CD86, CD40, and HLA-DR surface expression among cells incubated
in medium alone versus cells incubated with CpG ODN2216 are shown (P values determined by two-tailed nonpaired Student’s t test). The
numbers shown above the data points are the mean values for the respective observations.
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large granular cells were CD14�. After 24-h culture in medium
alone, the intensity of CD14 expression increased above base-
line. In contrast, the cell surface density of CD14 molecules
diminished dramatically when cells were cultured in the pres-
ence of CpG ODN2216, but not when cells were cultured with
control ODN2243 (Fig. 1). The down-modulation of CD14
surface expression was observed in cells from HIV� and
HIV� donors. The CpG ODN-induced change (absolute) in
mean fluorescence intensity (MFI) of CD14 expression was
reduced in cells from HIV� donors (mean change in MFI, 89
and 119 for HIV� donors and controls, respectively; P 	 0.05).

Although CD14 expression was reduced among the large
granular mononuclear cells incubated with CpG ODN, these
cells still expressed detectable levels of CD14, thereby permit-
ting a distinction between CD14� cells and CD14� cells.
Therefore, we were able to assess additional phenotypic
changes among these cells by gating specifically on the CD14�

cells.
CD14 expression may be decreased to low levels on mono-

cytes as they mature into APCs that more closely resemble
DCs (19). To determine if the reduction in CD14 expression
on monocytes was associated with maturation into a DC-like

phenotype, we examined the expression of CD83, a typical DC
marker (32), on monocytes after overnight incubations of
PBMC with CpG ODN. CpG ODN induced the expression of
CD83 on CD14� cells following an overnight incubation (Fig.
1), consistent with the phenotypic change of these cells into a
DC-like phenotype. This response was reduced among mono-
cytes from HIV� donors, as determined by either the percent-
age of CD83� cells (mean percentages of CD83� monocytes �
standard errors of the means [SEM] after CpG ODN treat-
ment were 16 � 1 and 33 � 6 for 17 HIV� donors and 13
controls, respectively; P 
 0.045) or the change in staining
intensity of CD83 (mean changes in MFI were 40 and 107 for
HIV� donors and controls, respectively; P 	 0.05).

CpG ODN2216 induces monocyte expression of HLA-DR,
CD40, CD80, and CD86. Maturation of professional APCs is
characterized by the increased expression of molecules in-
volved in costimulation and antigen presentation. Therefore,
we examined the effects of CpG ODN2216 on CD14� mono-
cyte expression of CD80, CD86, CD40, and HLA-DR. Base-
line expression of CD80, CD86, and CD40 was similar in
monocytes freshly isolated from healthy donors and from
HIV� donors (P � 0.05); HLA-DR was expressed at higher
levels in freshly isolated cells from HIV� donors than in cells
from healthy donors (P 
 0.001). A modest increase in the
expression of these markers was observed with cells incubated
24 h in medium alone (data not shown). Cells incubated 24 h
with CpG ODN2216 strongly up-regulated CD80, CD86,
CD40, and HLA-DR surface expression (Fig. 2). Overall, in-
duction (change in MFI) of each of these markers by CpG
ODN was similar for patient and control monocytes with the
exception of CD40, for which induction was relatively reduced
in patient cells (P 	 0.05).

An evaluation of dose response to CpG ODN (0.1 to 27
�g/ml) in cells from seven HIV� donors and three healthy
subjects indicated that monocyte maturation responses (induc-
tion of CD40, CD80, and CD83) could be detected between 0.1

FIG. 3. HIV viremia is associated with defects in CpG ODN regulation of monocyte surface molecules. Summary data using mean absolute
�MFIs of CD80, CD86, CD40, CD14, HLA-DR, and CD83 induced by CpG ODN2216 on monocytes of HIV� donors (striped bars), HIV�
donors with undetectable plasma HIV RNA levels (�400 copies/ml; closed bars) and HIV� donors with detectable plasma HIV RNA levels (�400
copies/ml; open bars). Group means are compared by ANOVA and Tukey. Sample sizes (n) are shown in parentheses.

TABLE 2. Multiple regression analyses of monocyte maturation
responses to CpG ODN2216 and clinical indicesa

Marker Regression
coefficient

P value (standard error) for
predictor indicated

Plasma HIV RNA Age CD4 cell
count

CD14 �10.8 0.05 (5.4) 0.6 0.87
CD86 �24.4 0.026 (10.5) 0.63 0.84
CD40 �22.9 0.033 (10.3) 0.09 0.37
CD83 �18.1 0.002 (5.2) 0.23 0.56

a The relationship between induction of cell surface markers (change in MFI)
by CpG ODN and plasma HIV RNA (in log10 copies/ml) after controlling for age
and CD4�-T-cell count is shown. The marker was the dependent variable.
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and 0.3 �g of CpG ODN/ml but that the responses generally
peaked between 1 and 3 �g/ml. Importantly, in cases where
patient cells showed defects, these defects could not be cor-
rected by increasing doses of CpG ODN (data not shown).

Decreased monocyte maturation in response to CpG ODN
in HIV� donors is related to plasma HIV RNA levels. Our
initial evaluation of CpG ODN responsiveness in patient
monocytes (described above) suggests that there are impair-
ments in the maturation of these cells following incubation
with CpG ODN. In particular, monocytes from HIV� donors
demonstrated a reduced induction of CD40 and CD83 as well
as an impaired down-modulation of CD14 following incuba-
tion with CpG ODN. Multivariate analyses indicated that these
defects were correlated with plasma HIV RNA levels indepen-
dently of CD4 cell counts (P 	 0.05) or age and that CD4 cell
counts could not independently predict the magnitude of the
changes in cell surface markers following activation with CpG
ODN (Table 2). Thus, plasma HIV RNA levels are an impor-
tant predictor of impaired CpG ODN responses.

Since increased plasma HIV RNA levels predicted the phe-

notypic defects, we considered the possibility that viral sup-
pression with highly active antiretroviral therapy (HAART)
might reverse the poor responsiveness to CpG ODN. There-
fore, we compared, in a cross-sectional analysis, the responses
of patients undergoing successful HAART (�400 copies of
virus/ml of plasma) with responses of patients who were either
not receiving HAART or receiving HAART with incomplete
control of viral replication (�400 copies of virus/ml of plasma).
Monocytes from HAART-treated patients who maintained
control of viral replication responded to CpG ODN as well as
did monocytes from healthy donors for all of the markers
examined, with the exception of CD83 induction (Fig. 3) as
determined by the change in staining intensity of CD83. This
impairment was also observed in an evaluation of the percent-
age of CD83� monocytes, although it did not quite reach
statistical significance (mean percentage of CD83� monocytes
� SEM 
 26 � 6 and 33 � 6 for 9 HIV� donors and 13
controls, respectively; P 
 0.07). In contrast, patients with HIV
RNA levels of �400 copies/ml in plasma demonstrated statis-
tically significant defects in the CpG ODN-induced expression
of CD40 (P 
 0.001) and CD83 (P 	 0.001) and down-regu-
lation of CD14 (P 
 0.02), as well as nearly statistically signif-
icant defects in the induction of CD86 (P 
 0.09). For these
viremic patients, both the intensity of CD83 staining (Fig. 3)
and the percentage of CD83� monocytes (mean percentage of
CD83� monocytes � SEM 
 4 � 1 and 33 � 6 for 8 HIV�
donors and 13 controls, respectively; P 
 0.024) were markedly
diminished after CpG treatment.

We then divided the HIV� group into quartiles according to
log10 plasma HIV RNA level and to CD4�-T-cell count. When
compared across these categories of plasma HIV RNA, the
magnitude of induction of markers CD83, CD80, and CD40
demonstrated a consistent direct relationship with plasma HIV
RNA (Fig. 4; P values for the trends were 0.004, 0.042, and
0.019 for CD83, CD80, and CD40, respectively). All other
markers showed a similar trend in their association with the
plasma HIV RNA level. Thus, not only was the detection of
virus in the plasma an important predictor of poor responses to
CpG ODN, but higher levels of HIV replication were associ-
ated with even more pronounced defects.

CpG ODN fails to enhance accessory cell function of mono-
cytes from HIV� donors with viremia. To ascertain if impaired
responsiveness to CpG ODN by monocytes from HIV� per-
sons might result in reduced functional capacity, we compared
the capacity of monocytes from HIV� and HIV� donors to
induce allogeneic proliferation responses after exposure to
CpG ODN. Monocytes from three viremic HIV� donors
(plasma HIV RNA of �10,000 copies/ml) were compared to
cells from three patients with controlled viremia (plasma HIV
RNA levels of 	400 copies/ml) and cells from four healthy
donors for their accessory cell function in allogeneic responses.
Monocytes from viremic patients that had been matured with
CpG ODN failed to enhance allogeneic responses compared to
monocytes that had not been treated with CpG ODN (Fig. 5).
Interestingly, CpG ODN exposure seemed to actually impair
the allogeneic responses induced by patient monocytes for
reasons that are not yet clear. In contrast, monocytes from
HIV� donors or HIV� donors with control of viremia in-
duced a greater allogeneic T-cell proliferation response after
CpG ODN exposure. Thus, as is the case for phenotypic mat-

FIG. 4. Monocyte maturation responses are related to plasma HIV
RNA levels. Monocyte responses to CpG ODN treatment are depicted
with HIV� patient samples subdivided into quartiles based on log10
plasma HIV RNA levels. PBMC were stimulated with CpG ODN2216
(3 �g/ml) for 24 h, and gated monocytes were examined for surface
expression of CD40, CD80, and CD83 by flow cytometry. VL, viral
load.
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uration of monocytes, functional maturation of monocytes may
also be limited in HIV� individuals with uncontrolled viremia.

The effects of CpG ODN are mediated indirectly through
soluble factors that include IFN-�/�. Human monocytes are

not known to express TLR9, the receptor for which CpG ODN
is a ligand. TLR9-expressing cells in the peripheral blood in-
clude pDC and B cells. Activation of pDC by TLR9 agonists
induces IFN-�/� production by these cells. Consequently,

FIG. 5. Failure of CpG ODN to enhance allostimulation by monocytes from HIV� donors with advanced disease. PBMC from three HIV�
donors (P4, P5, P6) with plasma HIV RNA levels of �10,000 copies/ml and CD4 counts of 	200 cells/�l, three HIV� individuals (P1, P2, P3)
with plasma HIV RNA levels of 	400 copies per ml and CD4 cell counts of �200 cells/�l, and five healthy individuals (C1, C2, C3, C4, C5) were
cultured for 24 h with or without CpG ODN2216. Monocytes were isolated by using anti-CD14 magnetic beads, washed, and plated in 96-well plates
with heterologous PBMC from healthy donors at a ratio of 1 monocyte per 10 responder PBMC. After 5 days of incubation, cellular proliferation
was measured by [3H]thymidine incorporation. Stimulation indices (y axis) were determined by dividing the response (mean of triplicate wells) of
stimulated cells by the response of cells incubated in medium alone. Note that the responder cells used in experiments labeled P4, P5, and P6 were
from the same donor as in experiments labeled C3, C4, and C5.

FIG. 6. CPG ODN2216 alters monocyte surface phenotype indirectly via soluble factor(s). Monocytes were isolated from PBMC by magnetic
bead selection. Purified monocytes were then incubated with CpG ODN or IFN-�. Some purified monocytes were incubated in Transwells with
PBMC in communicating wells � CpG ODN. Induction of CD40 and CD80 expression was examined with purified monocytes (top), among
monocytes within PBMC (middle), and with purified monocytes suspended in transwells with PBMC in communicating wells (bottom) following
incubation in medium alone (filled histograms) or in medium supplemented with CpG ODN (solid lines) or IFN-� (1,000 U/ml; dashed lines). The
experiment shown is representative of the three experiments performed.
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monocytes are not expected to respond directly to CpG ODN,
but may respond indirectly to the inflammatory milieu induced
by TLR9 agonist activity (13). Consistent with this idea, we
found little change in monocyte phenotype when CpG
ODN2216 was added to purified monocyte (�95% CD14�)
preparations. In contrast, these purified monocytes did un-
dergo cellular maturation when exposed to IFN-� alone (Fig.
6). Also, when purified monocytes were incubated in transwells
with CpG ODN-treated PBMC in communicating wells, cellu-
lar maturation of purified monocytes was observed. Thus, sol-
uble factors from cell types other than monocytes appear to
initiate the effects of CpG ODN2216 on monocyte maturation,
and IFN-� alone is sufficient to mediate these effects. Further-
more, the addition of neutralizing antibody against IFN-�/�
receptor but not an isotype control antibody attenuated the
induction of CD80 (mean inhibition from four experiments,
48%) and CD40 expression (mean inhibition from four exper-
iments, 68%) among monocytes exposed to CpG ODN in
whole PBMC cultures (Fig. 7). These results indicate that
IFN-�/� plays at least a partial role in the CpG-induced mono-
cyte maturation.

Monocyte maturation following CpG ODN2216 exposure is
related to IFN-� production and is attenuated in the presence
of high-level HIV replication. Since monocyte maturation
could be induced by IFN-� and since the induction of CD40
and CD80 expression by CpG ODN2216 could be blocked at
least partially by anti-IFN-�/� receptor antibodies, we hypoth-
esized that defects in CpG ODN-induced monocyte matura-
tion in HIV disease could be due to reduced IFN-� production
in response to the TRL9 agonist. To test this hypothesis, we
explored the relationships between IFN-� levels in culture
supernatants and monocyte maturation responses. IFN-� lev-
els in culture supernatants of CpG ODN-treated PBMC pre-
dicted the magnitude of monocyte maturation for all markers
examined (Spearman’s correlation, P values 	 0.05) except for
HLA-DR (data not shown). Because pDC are the primary
IFN-� producing cells that respond to TLR9 agonists, we ex-
amined the frequencies of pDC in PBMC samples from HIV�
subjects. The percentage of pDC (lineage negative, HLA-DR
and CD123� cells) within freshly isolated PBMC was inversely
correlated with plasma HIV RNA levels (Fig. 8A) but not
related to CD4 cell counts (Spearman’s rank correlation coef-
ficient, 0.145; P 
 0.452). Similarly, the amount of IFN-�
detected in cell supernatants 1 day after stimulation with CpG
ODN was inversely related to plasma HIV RNA levels (Fig.
8B) and also was not related to CD4 cell counts (Spearman’s
rank correlation coefficient, 0.051; P 
 0.794). Cross-sectional
analyses indicated that deficiencies in pDC frequencies and
IFN-� production in response to CpG ODN are largely con-
fined to patients without control of HIV replication and not
observed among HAART-treated HIV� patients with control
of viral replication (Fig. 8C and D). Thus, reduced pDC fre-
quencies and reduced ability to produce IFN-� in response to
CpG ODN can at least partially account for poor monocyte
maturation responses to CpG ODN in HIV disease.

To determine if reduced pDC number and reduced IFN-�
production could explain all of the defects in CpG ODN re-
sponsiveness, we fitted a multiple regression model of HIV
status, pDC number, IFN-� production, and donor age as
predictors of the induction of CD83 in monocytes. Induction of
CD83 was chosen for the analysis because this marker was the
most severely affected in HIV disease. HIV infection was in-
dependently predictive of the magnitude of CD83 induction on
monocytes (P value, 0.009), while age, pDC number, and
IFN-� production were not (P values of 0.22, 0.58, and 0.77,
respectively). Based on model estimates, HIV infection was
associated with an average decrease in CD83 expression of
98.4 mean fluorescent units. This analysis indicates that the
reduced frequency and function of pDC in HIV infection can-
not fully explain the defects in CpG ODN responsiveness.

Poor responsiveness to IFN-� may also contribute to im-
paired induction of CD40 and CD83 expression by CpG ODN
in HIV disease. An alternative hypothesis to explain the de-
fects in CpG ODN responsiveness in HIV disease is that there
is a defect in the ability of monocytes from HIV� donors to
respond to IFN-�. To test this possibility, we compared mat-
uration responses between monocytes from HIV� and HIV�
donors as determined by the expression of each of the matu-
ration markers in response to exogenous IFN-�. Treatment of
PBMC with IFN-�-2a induced all of the changes that had been
observed with CpG ODN, including down-modulation of

FIG. 7. Blockade of the IFN-�/� receptor interferes with CpG
ODN2216 or IFN-�-induced monocyte maturation. PBMC were cul-
tured in medium alone or in medium supplemented with CpG
ODN2216 (3 �g/ml) or IFN-� (10,000 U/ml). Murine antibody to the
human IFN-�/� receptor (anti-IFNa/bR; 10 �g/ml) or isotype control
antibody (10 �g/ml) was added at the beginning of culture as indicated.
MFI (y axis) of CD80 and CD40 staining among CD14� monocytes as
determined by flow cytometric analysis is shown. These results are the
mean values for four experiments; P values were determined by paired
t test. Although not depicted, statistical differences were observed
between cells cultured in medium alone and cells cultured with either
CpG ODN or IFN-� (P 	 0.05). Ig, immunoglobulin.
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CD14 and increased expression of CD40, CD80, CD86, and
CD83 on the monocyte cell surface (Fig. 9A). Although HLA-
DR, CD14, and CD86 were modulated similarly among cells
from patients with viremia and cells from HIV� donors (data
not shown), the induction of CD80 and CD40 expression in
response to IFN-� was impaired in cells from HIV� donors
(Fig. 9B). The induction of CD83 expression was also reduced
in monocytes from HIV� donors with plasma HIV RNA levels
of �400 copies/ml, although this result did not quite reach
statistical significance. Moreover, the magnitude of the CpG
ODN-induced monocyte maturation for each of the markers
examined was directly related to the magnitude of IFN-�-
induced monocyte maturation (Table 3). Together, these re-
sults suggest that IFN-� responsiveness may also play a role in
CpG ODN responses.

Importantly, in preliminary studies of dose responses to
IFN-�, monocytes from HIV� donors (n 
 6) that responded
poorly to IFN-� at low doses (10 to 100 U/ml) sometimes
responded to high doses of cytokine (up to 10,000 U/ml), but
the responses remained impaired compared to responses of

control cells (data not shown). Thus, impaired responses to
IFN-� could not be fully corrected with increasing concentra-
tions of cytokine.

DISCUSSION

CpG ODN2216 is a prototype type A ODN that has biolog-
ical activity in human cells (17), inducing high levels of IFN-�
production by pDC (17-19). In human PBMC, exposure to this
CpG ODN promotes monocyte production of IFN-�-inducible
protein 10 mediated at least partially by the induction of IFN-�
expression (32). Our results indicate that IFN-� may have an
additional role in promoting the maturation of monocytes into
dendritic-like cells. A role for IFN-� in the CpG ODN-induced
maturation of antigen-presenting cells has been implicated in
studies of murine IFN-�/� receptor knock-out mice (3, 18) and
in studies of human monocytes exposed to a type A CpG ODN
of a different sequence than CpG ODN2216 (4, 29). The latter
study indicated that IFN-� production in response to CpG
ODN was necessary but not sufficient to induce human mono-

FIG. 8. Plasma HIV RNA level is related to pDC frequencies and IFN-� production in response to CpG ODN. (A) PBMC were isolated and
examined by flow cytometry to measure the percentage of lineage DR and CD123� cells (pDC frequencies). This percentage was plotted against
the plasma HIV RNA levels (log10 scale). Spearman’s correlation coefficients (CC) are shown in the figure. (B) The amount of IFN-� was
measured in cell supernatants by ELISA following overnight incubation of PBMC with CpG ODN (3 �g/ml). The relationship between this value
and plasma HIV RNA levels is shown. (C) Data were analyzed according to levels of plasma HIV RNA levels of �400 or �400 copies/ml, and
pDC frequencies were compared to those calculated from healthy donor PBMC samples. (D) A similar comparison is shown for IFN-� production
in response to CpG ODN for PBMC samples. Statistical differences in means were determined by ANOVA and Tukey. VL, viral load.
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cyte maturation as measured by CD86, CD83, and CD14 ex-
pression. Our studies concur, but only in part, confirming that
IFN-�/� play at least a contributory role in CpG ODN-induced
monocyte maturation. On the other hand, we have shown that
IFN-� alone is sufficient to induce these changes in a concen-
tration-dependent manner. Moreover, the capacity of mono-
cytes to mature in response to CpG ODN is directly correlated
with IFN-� production. Overall, it would seem that IFN-�

plays an important role in the induction of monocyte matura-
tion in response to CpG ODN.

The role of IFN-� in mediating the activity of CpG ODN has
clear implications for HIV disease. Induction of IFN-� secre-
tion by a variety of stimuli is reduced in HIV infection (10, 11,
14), and recent studies demonstrated that CpG ODN-induced
IFN-� production in PBMC from HIV� subjects was inversely
related to plasma HIV RNA levels and correlated with CD4

FIG. 9. IFN-� induces maturation of monocytes, but this response is impaired for certain markers among cells from HIV� donors. (A) PBMC
from an HIV� and HIV� donor were incubated with or without IFN-� (1,000 U/ml) for 24 h. After incubation, cell surface expression of CD14,
CD80, CD86, and CD40 was determined by flow cytometric analysis. (B) PBMC were stimulated with IFN-� (1,000 U/ml) for 24 h, and gated
monocytes were examined for surface expression of CD80, CD40, and CD83 by flow cytometry. Induction (mean �MFI) of CD80, CD40, and
CD83 by IFN-� on monocytes are shown for HIV� donors (striped bars), HIV� donors with undetectable plasma HIV RNA levels (�400
copies/ml; closed bars), and HIV� donors with detectable plasma HIV RNA levels (�400 copies/ml; open bars). Group means were compared
by ANOVA and Tukey.
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cell counts (30). Our work confirms the inverse relationship
between IFN-� production and plasma HIV RNA levels but
not the correlation with CD4 cell counts. One possible expla-
nation for the different findings is that the previous study did
not rule out by multivariate analyses the possible interactions
of plasma HIV RNA levels and CD4 cell counts (i.e., patients
with high plasma HIV RNA levels tend to have low CD4 cell
counts), making it difficult to discern with bivariate analyses
the most important variable for predicting the induction of
IFN-� by CpG ODN. In contrast, we found by multivariate
(data not shown) and even bivariate analyses that plasma HIV
RNA levels, but not CD4 cell counts, predicted IFN-� produc-
tion in response to CpG ODN. Thus, the reduced IFN-� pro-
duction that accompanies HIV replication may limit the effi-
cacy of CpG ODNs in HIV disease.

Another implication for the importance of IFN-� produc-
tion in CpG ODN responsiveness rests with the possible quan-
titative and qualitative defects that may occur in pDC, the
primary IFN-�-producing cells in the peripheral blood. Several
studies have reported that pDC are often depleted or may be
rendered less functional during the course of HIV disease (9,
10, 23, 26). On the other hand, Lor é et al. were unable to
demonstrate significant impairments in DC responsiveness to
activation through multiple TLRs by using cells obtained from
HIV� persons (21). Our findings also describe reduced fre-
quencies of pDC in PBMC from HIV patients that were cor-
related with plasma HIV RNA levels but not CD4 cell counts.
Nevertheless, our attempts to characterize qualitative defects
in pDC in HIV disease have thus far been inconclusive and will
require more extensive studies. Finally, it should be recognized
that the reduced frequencies of pDC in the peripheral blood
may represent a global deficiency in the numbers of these cells
or may simply reflect the migration of pDC out of the periph-
eral circulation. If the latter is the case, then CpG ODNs may
yet be effective even in viremic HIV� individuals as long as the
oligonucleotides are delivered to anatomical compartments
with resident pDC.

Although the impairments in pDC frequency and IFN-�
production that accompany HIV infection represent one po-
tential obstacle for the application of CpG ODNs in HIV
infection, our observations indicate that there may also be
other important factors involved. This possibility is illustrated
by our multivariate analysis of CpG ODN-induced expression
of CD83 on monocytes, which indicates that pDC frequencies
alone are not sufficient to explain the defects in CD83 induc-
tion among HIV� individuals. In addition, we describe a rel-

ative reduction in responsiveness to IFN-� among monocytes
from HIV� persons, particularly for the induction of CD80,
CD40, and CD83 expression, indicating that this defect also
could contribute to impaired responses to CpG ODN in HIV
disease. The mechanisms underlying impairments of IFN-�
responsiveness in HIV disease are unknown, but they could be
related to subnormal IFN-�/� receptor expression or signaling
function in monocytes obtained from HIV� persons. Our ob-
servation that freshly isolated monocytes from HIV� persons
tend to have elevated expression of HLA-DR may represent a
phenotypic change reflective of an increased state of activa-
tion, and this in turn might influence the potential to further
activate these cells. It will be important to explore this possi-
bility as well as other factors that could conceivably influence
the ability of these cells to respond to stimuli, such as IFN-� or
other cytokines being induced by CpG ODN.

Despite the limitations in CpG ODN responsiveness that we
have observed with cells from HIV� individuals, our observa-
tions also indicate that PBMC of patients who achieve control
of HIV replication through antiretroviral therapies maintain
relatively normal frequencies of pDC and produce normal
amounts of IFN-� in response to CpG ODN. Furthermore,
these individuals also sustain monocyte maturation responses
to CpG ODN that more closely resemble the responses of cells
from HIV� individuals. The exception to this “normal” mat-
uration response to CpG ODN includes a reduced induction of
CD83 expression among monocytes from patients on success-
ful HAART. It is unclear why this marker is uniquely impaired
in this circumstance, and it remains to be determined if the
magnitude of these particular impairments will have functional
consequences for these cells.

The interplay between pDC and monocytes may have im-
portant consequences for immune function. DCs are recog-
nized as the most potent APCs in the body, but these cells are
found at relatively low frequencies. Maturation of monocytes
into DC-like cells could be a means of amplifying immune
responsiveness by recruiting a large pool of phagocytic cells
and then enhancing their antigen-presenting capability. We
have demonstrated that defects in monocyte maturation are
associated with reduced accessory cell function in cells from
HIV� individuals experiencing viremia. Thus, the defects in
CpG ODN responsiveness that we describe are likely to have
biological relevance. Our results suggest that the interplay be-
tween pDC and monocytes may be impaired in HIV� donors
with ongoing viremia and that CpG ODN may be most effec-
tive as an immune adjuvant in HIV disease in the setting of
HAART-induced control of HIV replication.
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