
Impact of class A, B and C CpG-oligodeoxynucleotides on in vitro
activation of innate immune cells in human immunodeficiency

virus-1 infected individuals

Introduction

Advanced human immunodeficiency virus (HIV)-1 infec-

tion is associated with CD4+ T-cell loss and chronic

immune activation which results in a diminished

immune response to pathogens and increased susceptibil-

ity to opportunistic infections. It is also associated with

markedly diminished numbers of plasmacytoid dendritic

cells (pDC), myeloid dendritic cells (mDC), invariant

natural killer T cells (iNKT) and natural killer cells

(NK).1–3 Lower numbers of pDC in chronic HIV-1 infec-

tion are also associated with a diminished innate

immune response and decreased levels of IFN-a produc-

tion, which is also associated with an increased risk of

opportunistic infections.2,4 Given the central role played

by dendritic cells in linking innate and adaptive immu-

nity, abnormalities in pDC and mDC number and func-

tion may play a role in the deficient pathogen-specific

response seen in HIV-1 disease. Activation of these

innate effector cells could contribute to stronger innate
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Summary

Oligodeoxynucleotides (ODN) with unmethylated deoxycytidyl-deoxy-

guanosine dinucleotides (CpG-ODNs) stimulate Toll-like receptor 9

(TLR9) in plasmacytoid dendritic cells (pDC) and B cells and activate

innate and adaptive immunity. Three classes of synthetic CpG-ODNs,

class A, B and C, activate cells through TLR9; our goal was to evaluate

their effect on cells from human immunodeficiency virus (HIV)-1+ indi-

viduals. We compared the frequencies and the unstimulated activation

status of immune effector cells in HIV-1+ and HIV-1– individuals. Fewer

pDC, myeloid dendritic cells (mDC), B cells, natural killer (NK) cells and

invariant natural killer T cells (iNKT) were present in HIV-1+ peripheral

blood mononuclear cells (PBMC) and their baseline activation status was

higher than HIV-1– PBMC. Exposure of HIV-1+ PBMC to all classes of

CpG-ODNs led to activation and maturation of pDC based on CD86,

CD80, and CD83 expression similar to that of cells from HIV-1– individ-

uals. The percentage of CpG-ODN stimulated pDC that express CD40

was dramatically higher when cells were obtained from HIV-1+ than from

HIV-1– individuals. B-lymphocytes were activated similarly in HIV-1+ and

HIV-1– individuals. mDC, NK and iNKT cell, which lack TLR9, were indi-

rectly activated. Interferon-a (IFN-a) and interferon inducible protein 10

(IP-10) secretion was induced by class A or C but not class B CpG-ODN,

but the concentrations were less than those produced by HIV-1– PBMC.

HIV-1 infected individuals have fewer innate effector cells that are chron-

ically activated, but these cells can be further activated by CpG-ODN,

which suggests that synthetic CpG-ODNs could be used to enhance the

immune system in HIV-1 infected individuals.

Keywords: adjuvant; Toll-like receptors; TLR9; innate immunity; dendritic

cells; pDc; HIV

Abbreviations: ART, antiretroviral therapy; CpG-ODN, oligodeoxynucleotides with unmethylated deoxycytidyl-deoxyguanosine
dinucleotides; IFN-a, interferon-a; iNKT, invariant natural killer T cells; IP-10, interferon inducible protein 10; mDC, myeloid
dendritic cells; NK, natural killer cells; pDC, plasmacytoid dendritic cells; TLR9, Toll-like receptor 9.
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and HIV-1-specific adaptive immune responses. One

way to modulate the immune response to HIV-1 would

be through pathogen associated molecular patterns

(PAMPs).

Foreign pathogens are detected by innate immune cells

using germ-line encoded pattern recognition receptors,

also called toll-like receptors (TLRs). To date, 10 TLRs

have been identified in humans that recognize PAMPs

expressed in broad classes of pathogens. Viral and

bacterial DNA with unmethylated CpG motifs and oligo-

deoxynucleotides with unmethylated CpG dinucleotides

(CpG-ODNs) stimulate immune cells that express TLR9.

In humans, these include B cells and pDC.5–7 Cellular

uptake and endosomal maturation is a prerequisite for

CpG-ODN induced TLR9 activation which triggers cell

stimulation through the nuclear factor (NF)-jB and

mitogen-activated protein (MAP) kinase activation path-

ways8 resulting in the production of pro-inflammatory

cytokines and the activation and maturation of antigen

presenting cells.9 PAMPs are generally absent from host

tissues or inaccessible to TLRs; as a result, they can acti-

vate innate immunity when an individual is exposed to

viruses or bacteria without stimulating an autoimmune

response.10,11

Synthetic CpG-ODNs mimic oligonucleotide sequences

common in bacterial and viral DNA, and are potent

TLR9 agonists that induce pDC-mediated interferon-a
(IFN-a) production12 and promote direct antiviral

effects and adaptive cellular antiviral immune res-

ponses.13–15 Three distinct classes of CpG-ODNs have

been identified based on structural differences. They are

designated class A, B, and C CpG-ODN.16–19 In HIV-1–

individuals, class A CpG-ODN stimulates pDC to

produce high quantities of IFN-a, induces antigen-pre-

senting cell maturation (APC), and indirectly (through

IFN-a) activates natural killer (NK) cells.19–21 Class B

CpG-ODN activates B cells and NK cells but stimulate

little IFN-a secretion.19,20,22 Class C CpG-ODN com-

bines the properties of both class A and B CpG-ODNs

by being potent stimulators of pDC IFN-a production,

APC activation and maturation, indirect NK cell activa-

tion, and direct B-cell stimulation.7,17

Different types of TLRs are expressed on APC inclu-

ding pDC, mDC, B-lymphocytes, monocytes and macro-

phages. Specific ligands for these receptors mediate a

range of functions in these cells.23–28 TLR9, the TLR

being evaluated in this study, is expressed in pDC and

B cells.5,6,29,30 The goals of these studies were to deter-

mine the frequencies and activation status of the cells

that participate in the innate immune response in HIV-

1+ individuals and to characterize their response to class

A, B and C CpG-ODNs with the hope that these TLR9

agonists could be used in the future to initiate both

innate and acquired immunity in HIV-1 infected indi-

viduals.

Materials and methods

Study population

Fifty-two HIV-1+ individuals were recruited from the

Mark Weiss Memorial Infectious Diseases Clinic of Rush

University Medical Center. Twenty-five uninfected indi-

viduals were recruited from Rush University Medical

Center. All of these individuals were used for studies of

pDC, mDC, iNKT, and NK cell populations. Additionally,

PBMC from a subset of 10 HIV-1+ and 10 HIV-1– indi-

viduals were used to assess innate immune cell responses

to CpG-ODN. Because these functional studies required a

large volume of blood, all but one of the HIV+ individu-

als who participated was on successful antiretroviral ther-

apy. The one treatment-naı̈ve subject had a relatively

normal CD4 cell number and a viral load of 503 copies/

ml. Most had moderate CD4 cell numbers with the

exception of one individual who had 125 CD4 cells/ml,

but had an undetectable viral load (Table 1). Only two

had high viral loads; 35 900 and 49 500 copies/ml and

they had 612 and 427 CD4 cells/ml, respectively. All trea-

ted individuals were receiving a highly active antiretro-

viral regimen consisting of at least three agents. This

study was approved by the Rush University Medical Cen-

ter Institutional Review Board.

Clinical data

All viral loads and CD4+ T-cell counts were done through

CLIA-certified commercial laboratories, and were obtained

at the same time as the samples for this study.

Antibodies and reagents

Mouse anti-human monoclonal antibodies against CD3,

CD4, CD8, CD11c, CD16, CD38, CD40, CD56, CD69,

CD80, CD83, CD123, HLA-DR, the CDR3 loop of the

invariant a chain from the iNKT cell T-cell receptor

(TCR), TCR (clone 6B11) and appropriate isotype-control

antibodies which had been conjugated to either fluorosc-

ein isothiocyanate (FITC), phycoerythrin (PE), peridinin-

chlorophyll-protein (PerCP), PE-Cy5, or allophycocyanin

(APC) were used for these studies (Becton Dickinson-

Pharmingen, San Jose, CA). The Lin1-FITC antibody

cocktail which contains anti-CD3, CD14, CD16, CD19,

CD20 and CD56 was used as part of the identification of

dendritic cells (Becton Dickinson-Pharmingen). Anti-

Vb11-FITC and anti-Va24-PE were used to identify iNKT

cells and were obtained from Beckman Coulter Immuno-

tech (Miami, FL). Fcc-receptor (FcR) blocking reagent

which was used to prevent non-specific binding was

obtained from Miltenyi Biotech (Auburn, CA).

Endotoxin-free class A CpG-ODN 2216 (50-ggGG

GACGATCGTCgggggG-30), class B CpG-ODN 2006
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(50-TCGTCGTTTTGTCGTTTTGTCGTT-30), class C CpG-

ODN 2395 (50-TCGTCGTTT-TCG-GCGCGCGCCG-30)

and control CpG-ODN 2243 (50-ggGGGAGCATGC

TGGggggG-30) CpG-ODN were provided by Coley Phar-

maceutical Group, Inc. (Wellesley, MA). Class A and Con-

trol CpG-ODNs were used at a concentration of 4 lg/ml

while the class B and class C CpG-ODN were used at a con-

centration of 1�5 lg/ml, based on previous experiments in

which optimal concentrations for these CpG-ODN were

determined.31

Isolation and culture of PBMC

In order to obtain sufficient numbers of cells for func-

tional studies peripheral blood (80 ml) from each parti-

cipant was collected in sodium heparin. PBMC were

isolated by density gradient centrifugation using lympho-

cyte separation medium (BioWhittaker, Walkersville,

MD). PBMC (1 · 106 cells/ml) were incubated in the

presence of media, non-reactive CpG-ODN (most com-

parable to class A), or CpG-ODN in a volume of 6–8 ml

in six-well tissue culture plates (Becton Dickinson, Frank-

lin Lakes, NJ). A control CpG-ODN (2137) which is

more comparable to classes B and C CpG-ODN contains

phosphorothioate as a backbone. This was not an appro-

priate control for our studies because phosphorothioate

also activates cells through the TLR9 receptor.32,33 Cul-

tures were incubated in a humidified 5% CO2 environ-

ment at 37�. After 24 hr, the cultures were harvested.

Cells were used immediately to assess activation marker

expression by flow cytometry; supernatants were frozen

at )20� for cytokine analysis.

Flow cytometric analysis

The frequency and activation status of pDC, mDC, iNKT,

and CD4+ and CD8+ lymphocytes were performed on

whole blood samples from HIV-1+ and HIV-1– individuals

by three- or four-colour flow cytometry. Logical gating

was used to identify the pDC (Lin1–/CD123+/HLA-DR+)

and mDC (Lin1–/CD123+/HLA DR+), iNKT (CD3+/6B11+

or Vb11+/Va24+), and CD4+ or CD8+ lymphocyte popu-

lations. Cellular activation (pDC-CD86+, mDC-CD86+,

iNKT-CD69+, CD4– CD38+/HLA DR+, CD8– CD38+/

HLA-DR+) is expressed as a percentage of the parent pop-

ulation. We also evaluated the frequency of NK (CD3–/

CD56+ 16+) cells in the samples. In brief, 100–150 ll

aliquots of anticoagulated whole blood were incubated

with the appropriate monoclonal antibodies for 20 min at

room temperature. Erythrocytes were lysed with fluores-

cence-activated cell sorting (FACS) lysing solution (Becton

Dickinson). The remaining cells were washed twice with

Dulbecco’s phosphate-buffered saline without Ca2+ or

Mg2+ (DPBS-CMF, BioWhittaker), fixed with 2% form-

aldehyde, and held at 4� for flow cytometric analysis.

To evaluate innate immune cell activation (pDC-

CD86, pDC-CD40, pDC80, mDC-CD86, mDC-CD40,

mDC-CD80, iNKT-CD69, NK-CD69, CD19-CD86) and

maturation (pDC-CD83, mDC-CD83) after CpG-ODN sti-

mulation, PBMC were harvested and washed with cold PBS

without Ca2+ or Mg2+. Because incubation with synthetic

TLR9 agonists can induce expression of FcR, non-specific

antibody binding was routinely blocked by incubating

experimental and isotype control antibodies with FcR

blocking reagent for 20 min at 4�. Mean channel fluores-

cence values for isotype- and fluorochrome-matched con-

trols generally ranged from 3�47 to 6�00. This was similar

to values for negative cells. Cells that were positive for

experimental markers had mean channel fluorescence val-

ues ranging from 10- to more than 20-fold higher.

PBMC were then washed, incubated with appropriate

antibodies for 20 min, washed, fixed with 2% formalde-

hyde and stored at 4� for analysis. Samples were analysed

on a FACS CaliburTM flow cytometer using CellQuestTM

Table 1. Demographics of CpG-ODN sub study participants

ID Gender Age

Therapy

months

CD4 nadir

(cells/ll)

CD4 counts

(cells/ll)

Viral load

(copies/ml) Therapy

1 Male 43 none NA 819 503 tenofovir, emtricitabine, efavirenz

2 Male 30 3 249 787 81 zidovudine, lamivudine, nelfinavir

3 Female 41 25 151 343 639 zidovudine, lamivudine, efavirenz

4 Male 36 36 389 612 35 900 efavirenz, lopinavir/r, indinavir

5 Male 41 101 187 620 <50 zidovudine, abacavir, lamivudine, efavirenz

6 Male 50 112 378 747 <50 tenofovir, didanosine, lopinavir/r

7 Male 49 103 383 509 734 tenofovir, abacavir, nelfinavir

8 Male 47 124 87 125 <50 tenofovir, abacavir, nelfinavir

9 Male 46 132 255 427 49 500 zidovudine, tenofovir, lamivudine,

fosamprenavir/r

10 Male 52 156 140 358 75 zidovudine, tenofovir, lamivudine,

fosamprenavir/r

NA, not applicable.
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v2.1 software (BD). Logical gating was used to identify

specific innate immune cell populations (pDC, iNKT,

NK, B cell) and the activation or maturation markers

expressed by these cells are expressed as a percentage of

the parent population.

Measurement of cytokines by enzyme-linked
immunosorbent assay (ELISA)

Commercial ELISA kits were used to measure the concen-

tration of IFN-a (PBL Biomedical Laboratories, Piscata-

way, NJ) or IP-10 (R & D Systems, Minneapolis, MN) in

cell culture supernatants following CpG-ODN stimulation

of PBMC from HIV-1+ and HIV-1– individuals. ELISA

assays were performed according to the manufacturer’s

guidelines.

Statistical analysis

Results are presented as mean ± standard deviation (SD).

Groups were compared using Student’s t-test. Differences

were considered significant when P < 0�05.

Results

Comprehensive evaluation of PBMC subpopulations
in HIV-1 infected individuals

In order to determine the impact of TLR agonists on

innate immune cells of HIV-1+ individuals, we first

assessed the frequency of innate immune cells that could

potentially respond to class A, B and C CpG-ODNs. We

evaluated the frequency of peripheral pDC, mDC, iNKT,

NK, CD4+ T cells and CD8+ T cells in whole peripheral

blood samples from 52 HIV-1+ and 25 HIV-1– individu-

als. A description of this cohort is presented in Table 2.

When groups with all HIV-1+ individuals or groups of

individuals who were on antiretroviral therapy (ART)

were considered, both had a significantly lower propor-

tion of pDC (�1�9-fold), mDC (�1�5-fold), iNKT (�7�5-

fold), NK (�1�4-fold), and CD4+ T cells (�1�8-fold) cells

than HIV-1– controls (Table 3). These same trends were

seen for treatment-naı̈ve individuals, although the differ-

ences between HIV-1– and treatment-naı̈ve HIV-1+ indi-

viduals were less marked and less likely to be significant,

perhaps because as a group they were healthier, with a

median CD4+ T-cell count of 504 cells/ll, and there were

fewer treatment-naı̈ve participants (Table 2).

A better measure of relative health in HIV-1 infected

individuals is CD4+ T-cell number. We evaluated the pro-

portions of peripheral pDC, mDC, iNKT, NK, CD4+ T

cells and CD8+ T cells in HIV-1+ individuals who where

grouped based on CD4+ T-cell numbers. Individuals with

<200 CD4+ T cells/ll were considered CD4 low, those

with 200–500 CD4+ T cells/ll were considered CD4 mod-

erate and those with >500 CD4+ T cells/ll were called

CD4 high. All HIV-1+ groups, even the CD4 high indi-

viduals had significantly lower percentages of pDC, iNKT

and NK cells than those seen in HIV-1– individuals, sug-

gesting that the defect in these cells occurs relatively early

in HIV-1 disease. The exception to this was the percent-

age of mDC in CD4 high HIV-1+ individuals which

approximated the percentages found in HIV-1– individu-

als (P ¼ 0�11), suggesting that the reduction in mDC

may occur only when there is a substantial decline in

CD4+ T cells. The proportion of activated mDC, pDC,

and iNKT cells in HIV-1+ individuals was consistently

elevated regardless of CD4+ T-cell count (Table 2).

In order to assess the impact of HIV-1 viral replication

on the percentages of pDC, mDC, NK and iNKT cells,

we stratified ART-treated HIV-1+ subjects into groups:

(1) those with detectable viraemia (HIV-1 viral loads >50

copies/ml) and (2) those with undetectable viral loads

(HIV-1 viral load <50 copies/ml). The median length of

Table 2. Demographics of study participants
HIV-1 status

Treatment

and status

HIV-1– HIV-1+

On ART

Undetectable

viral load

HIV-1+

On ART

Detectable

viral load

HIV-1+

Untreated

Number of participants 25 21 26 5

Male 12 19 22 4

Female 13 2 4 1

Age in years 31 (21–48) 48 (35–65) 44 (28–59) 46 (43–52)

Months of therapy NA 80 (4–124) 84 (0�4–156) NA

CD4+ T cells

(cells/ll)

ND 620 (12–1328) 351 (10–1040) 504 (275–819)

Viral load

(copies/ml)

NA <50 687

(64–160 300)

22 400

(503–38 092)

ART, antiretroviral therapy; NA, not applicable; ND, not done.

Data is expressed as median (range).
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ART treatment was similar between groups; 80 months

for those with controlled viral loads and 84 months for

those with detectable virus (Table 2). HIV-1 infected

individuals who were not on ART had a mean viral load

of 17 551 ± 15 563 copies/ml. HIV-1+ individuals with

detectable viraemia had significantly lower frequencies of

pDC, mDC, NK and iNKT cells than HIV-1– controls

(Fig. 1). pDC, mDC, and iNKT frequencies in HIV-1+

individuals with undetectable virus (n ¼ 21) were also

significantly different from HIV-1– controls and were

indistinguishable from those of HIV-1+ individuals with

viraemia. Interestingly, the NK cell population in HIV-1+

individuals with undetectable viral loads was more com-

parable to the HIV-1+ controls. With the exception of

NK cells, innate immune dysfunction appears to persist

during successful ART.

The activation status of innate immune effectors in the

absence of stimulation was evaluated to determine whe-

ther HIV-1 infection itself lead to activation of these cells.

Nearly all subpopulations of cells from HIV-1+ individ-

uals evaluated had significant activation, as measured by

CD86, CD69, or coexpression of CD38 and class II major

histocompatibility complex (MHC, HLA-DR), when com-

pared to the same subpopulation in HIV-1 uninfected

healthy individuals. The exceptions to this were (1) the

HIV-1+ treatment-naive group where the number of par-

ticipants in this group was low and (2) pDC in the mod-

erate CD4 group where the variability between individuals

was high (Table 3).

Effect of CpG-ODN class A, B and C on cellular
activation and maturation markers on pDC and
B cells from HIV-1+ individuals

PBMC were isolated from peripheral blood obtained from

HIV-1+ and HIV-1– individuals. These PBMC were then

incubated for 24 hr in the presence of optimal concentra-

Table 3. Percentages of cell subpopulations and

activation markers in HIV-1+ individualsHIV-1 status

Description

(number)

HIV-1–

25

HIV-1+

All

52

HIV-1+

ART

47

HIV-1+

No ART

5

HIV-1+

CD4

low

10

HIV-1+

CD4

moderate

21

HIV-1+

CD4

high

21

Cell type

pDC 0�15 0�081 0�08* 0�08 0�081 0�071 0�091

mDC 0�25 0�171 0�171 0�15 0�141 0�161 0�19

iNKT 0�12 0�021 0�021 0�10 0�011 0�021 0�041

NK 11�17 8�011 8�251 5�731 7�061 8�70 7�771

CD4 41�54 22�631 23�021 18�971 10�281 19�851 31�161

CD8 23�05 46�681 47�271 41�12 58�211 48�861 39�011

Percentage activated

pDC/CD86+ 0�37 2�641 2�741 1�91 3�451 3�09 1�771

mDC/CD86+ 2�30 20�851 21�701 13�271 29�811 19�521 17�701

iNKT/CD69+ 5�47 27�941 28�611 21�66 34�741 28�931 23�711

CD4/CD38+, HLA-DR+ 2�39 7�911 7�981 7�31 15�121 8�701 3�721

CD8/CD38+,HLA-DR+ 4�68 16�771 15�441 29�321 23�221 17�511 12�961

pDC, plasmacytoid dendritic cells; mDC, myeloid dendritic cells; NK, natural killer cells;

iNKT, CD1d-restricted, TCR-invariant natural killer T cells; ART, antiretroviral therapy.

Data is expressed as means of percentages; 1indicates that value is significantly different from

HIV-1– mean at P < 0�05.
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Figure 1. Impact of viral load on frequency of pDC, mDC, iNKT

and NK cell subpopulations in HIV-1+ individuals. Cell frequency in

the peripheral blood was evaluated by flow cytometry. Each point

represents one individual. Percentages of the following were evalu-

ated: (a) pDC (Lin1–/CD123+/HLA-DR+) (b) mDC (Lin1–/CD11c+/

HLA-DR+) (c) iNKT (6B11+/CD3+), and (d) NK (CD3–/CD56 16+).

Groups included: HIV-1– (n ¼ 25), HIV-1+ individuals treated with

antiretroviral therapy who had a viral load <50 copies/ml (HIV-1+

ART VL < 50) (n ¼ 21), HIV-1+ individuals treated with antiretro-

viral therapy who had a viral load >50 copies/ml (HIV-1+ART

VL > 50) (n ¼ 26), or HIV-1+ treatment-naive (HIV-1+ No ART)

(n ¼ 5). The horizontal bar corresponds to mean percentage of cells.

Statistical comparisons were made using the Student’s t-test. *Signifi-

cance at P < 0�05.
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tions of each class of CpG-ODN and appropriate activa-

tion and maturation markers were evaluated (Fig. 2).

Expression of CD86 (B7-2) is up-regulated in pDC from

both uninfected and HIV-1-infected individuals when

PBMC were exposed to classes A, B, and C CpG-ODNs

(Fig. 2a). All classes of CPG-ODN caused a similar

increase in CD80 (B7-1) expression in HIV-1+ individuals

(Fig. 2c). CD40 expression increased following stimula-

tion with CpG-ODNs in both infected and uninfected

individuals, but significantly more cells from HIV-1+

individuals expressed CD40 (Fig. 2b) after incubation

with CpG-ODNs. All classes of CpG-ODNs triggered

maturation of pDC in HIV-1+ individuals based on CD83

expression (Fig. 2c).

Previous studies of CpG-ODN activation in HIV-1 un-

infected individuals indicates that all three classes activate

B cells but classes B and C activate more than class A.7,34

Our data in HIV-1 uninfected individuals confirms this

and extends it to show that similar activation was seen in

B cells from HIV-1 infected individuals. B-cell activation

(as measured by CD86 expression) was significant and

CpG-ODN class specific activation was similar, but the

magnitude of activation was less than seen in uninfected

individuals in every case (Fig. 3a).

These results indicate that both of the cell subpopula-

tions that reportedly express TLR9 receptors, pDC and B

cells, are responsive to TLR9 stimulation even when an

individual is infected with HIV-1. pDC from HIV-1 infec-

ted individuals appear to be somewhat more responsive

to TLR9 agonists than pDC from uninfected individuals,

especially with respect to CD40. In contrast, B cells from

HIV-1 infected individuals appear to be less responsive to

TLR9 agonists than B cells from uninfected individuals

(Fig. 3a).

Indirect impact of CpG-ODN stimulation of PBMC
on TLR9 negative subpopulations in HIV-1+

individuals

NK, iNKT, and mDC are potent mediators of innate and

adaptive immune responses through targeted killing of

virus infected cells, cytokine production, and antigen

presentation. Although these cell types lack TLR9 recep-

tors, treatment of PBMC with CpG-ODNs in uninfected

individuals can induce activation through pDC-induced

cytokines.31 Figure 3(b) compares the impact of incuba-

ting CpG-ODNs with PBMC on activation of iNKT cells

in HIV-1+ and HIV-1– individuals based on CD69 expres-

sion. All classes of CPG-ODNs induced statistically signi-

ficant increases in the percentages of activated cells from

HIV-1– individuals and levels of activation in the pres-

ence of CPG-ODN were similar in HIV-1+ individuals.

However, activation in HIV-1+ individuals was not statis-

tically significant, probably because percentages of CD69

iNKT cells from HIV-1 infected individuals are higher

than in uninfected cells in the absence of CPG-ODN sti-

mulation (Fig. 3b). Incubation of Class A, B, and C CpG-

ODN with PBMC significantly up-regulated the early

cellular activation marker CD69 on NK cells compared to

the controls (Fig. 3c). NK activation was significantly

greater using the class A CpG-ODN compared with the

class B and C CpG-ODN. NK activation was similar

between the latter two classes. We also evaluated CpG-

ODN induction of activation and maturation markers on

mDC, but did not detect any stimulation in the HIV-1+

PBMC (data not shown).
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Figure 2. Impact of HIV-1 on activation of pDC stimulated with

CpG-ODN. PBMC from 10 HIV-1+ and 10 HIV-1– individuals were

incubated for 24 hr with control CpG-ODN, class A, class B or class

C CpG-ODN or media alone. Flow cytometry was used to determine

expression of: (a) CD86, (b) CD40 and (c) CD80 and CD83 on

pDC. Results are expressed as the mean ± standard deviation of the

percentage of cells that express each cell surface marker. Statistical

comparisons were made between the media control and the corres-

ponding class A, B, or C CpG-ODN stimulated cultures using

Student’s t-test; values were considered significant if P < 0�05.

*Significantly different from HIV-1+ controls; **significantly different

from HIV-1– controls.

� 2007 Blackwell Publishing Ltd, Immunology, 120, 526–535 531

TLR9 agonists modulate innate immune cells in HIV-1



CpG-ODN stimulation of PBMC from HIV-1+

individuals leads to production of IFN-a and
IFN-c-inducible protein 10 (IP-10 or CXCL10)

When CpG-ODN binds to TLR9 it stimulates pDC secre-

tion of IFN-a.7,35 IFN-a then induces IP-10 production.36

If IFN-a is produced in response to CpG-ODN-

TLR9 binding we would expect to also see production of

IP-10.

While others have looked at the effects of class A CpG-

ODN on cytokine production in HIV-1 infected and un-

infected individuals37,38 we extended this to look at all

three classes of these TLR9 agonists. We measured the

concentrations of IFN-a in the cell culture supernatants

of PBMC from HIV-1+ and HIV-1– individuals. While

there was consistently more cytokine secretion by PBMC

from HIV-1– individuals, cells from HIV-1+ individuals

were also stimulated to produce both IFN-a and IP-10.

Profiles of cytokine release stimulated in both populations

of cells were similar. Class A CpG-ODN induced signifi-

cantly more IFN-a than either class B or class C. IFN-a
was detected in only 1 of 10 cultures from HIV-1+ PBMC

incubated with class B CpG-ODN and the concentration

of IFN-a in the positive culture was 20�1 pg/ml. IFN-a
secretion induced by class C CpG-ODN was intermediate

to class A and class B. Control CpG-ODN did not induce

IFN-a production (Fig. 4a). We also measured IP-10

cytokine secretion in the cell culture supernatants

of PBMC from HIV-1+ and HIV-1– individuals after
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Figure 4. CpG-ODN induced IFN-a and IP-10 secretion by PBMC

from HIV–1+ individuals. PBMC from 10 HIV-1+ and 10 HIV-1–

individuals were incubated for 24 hr with control CpG-ODN, class

A, class B or class C CpG-ODN or media alone. Culture supernatants

were collected and concentrations of IFN-a and IP-10 were measured

by ELISA. Results are expressed as mean ± standard deviation:

(a) IFN-a and (b) IP-10. Statistical comparisons between groups

were made using the Student’s t-test. *P < 0�05 greater than the

HIV+ CpG control; **P < 0�05 greater than the HIV) CpG control.
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Figure 3. Impact of HIV-1 on activation of B cells, iNKT cells and

NK cells stimulated with CpG-ODN. PBMC from 10 HIV-1+ and 10

HIV-1– individuals were incubated for 24 hr with control CpG-

ODN, class A, class B or class C CpG-ODN or media alone. Flow

cytometry was used to determine expression of: (a) CD86 on B cells,

(b) CD69 on iNKT cells and (c) CD69 on NK cells. Cell populations

were defined using the cell surface markers described in Figure 1.

PBMC were evaluated by flow cytometry. Results are expressed as

the mean ± standard deviation of the percentage of cells expressing

the indicated cellular activation marker. Statistical comparisons were

made using Student’s t-test; values were considered significant if

P < 0�05. *Significantly different from HIV-1+ controls; **signifi-

cantly different from HIV-1– controls.
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CpG-ODN stimulation (Fig. 4b). Again there was consis-

tently more cytokine secretion by PBMC from HIV-1–

individuals, but PBMC from HIV-1+ individuals were

able to stimulate the release of IP-10. Class A and class C

CpG-ODN induced significantly higher levels of IP-10

secretion than class B CpG-ODN. Control CpG-ODN did

not induce the production of IP-10.

Discussion

The innate immune response to foreign pathogens medi-

ates direct antiviral effects and leads to development of

an adaptive immune response. Early in HIV-1 disease,

pDC, mDC, NK, and iNKT cells are either diminished

because of direct cytopathic effects of HIV-1 or are dys-

functional because of dysregulation of the cytokine net-

work.1–3 These abnormalities correlate with the level of

viraemia and the risk of clinical disease progression.2,4

Innate immune cell numbers are lower than normal in

HIV-1 infected individuals in spite of effective ART.39

Treatments are needed that could either increase the

number or function of these important innate cell popu-

lations. These studies show that even though fewer innate

immune cells are present in HIV-1 infected individuals,

these cells remain responsive to CpG-ODN stimulation.

CpG-ODN treatment may help restore innate and anti-

gen-specific acquired immune responses in HIV-1 infec-

ted individuals.

This is the first comprehensive study to evaluate innate

immune cell activation and cytokine production in PBMC

from HIV-1+ individuals in response to all three classes

of synthetic CpG-ODN. CpG-ODNs are promising mole-

cules that could be used to activate or maintain immune

cell function.40 They can increase antigen presentation by

up-regulating costimulatory (CD86, CD80), activation

(CD40) and maturation (CD83) markers in pDC and B

lymphocytes and by inducing the synthesis of pro-inflam-

matory cytokines including IFN-a. In these studies all

three classes of CpG-ODN were equally able to mediate

pDC activation and maturation as seen by up-regulation

of CD86, CD80 and CD83. Interestingly, many more

pDC from HIV-1+ individuals expressed CD40 when sti-

mulated with any class of CpG-ODNs. Because CD40/

CD40L interactions contribute to activation of acquired

immunity, CpG-ODN might increase the HIV-1 specific

immune response in ART-treated individuals.

pDC can produce IFN-a in healthy individuals which

leads to indirect activation of NK and iNKT cells.41–43

Alternatively, they may be activated through a glucocorti-

coid-induced tumour necrosis factor receptor-ligand

(GITRL).44 In NK cells from uninfected individuals, class

A CpG-ODN stimulates IFN-c secretion45,46 and class C

induces both IFN-c secretion and cytolytic activity against

K562 target cells.7 We did not see CpG-ODN induced

IFN-c production by PBMC from HIV-1+ individuals

(data not shown). Class A and C CpG-ODNs did induce

IFN-a and IP-10 secretion in PBMC from HIV-1+ indi-

viduals. The amount of cytokine produced in these

PBMC cultures was probably lower because fewer pDC

were present in the HIV-1+ than HIV-1– individuals.

Class B and C CpG-ODNs are the strongest activators of

CD19+ B-lymphocytes in HIV-1+ patients. Class A CpG-

ODN also induced significant B-lymphocyte activation

as demonstrated by up-regulation of the costimulatory

molecule CD86.

Previous studies reported impaired IFN-a production

by pDC and deficient monocyte maturation when PBMC

from HIV-1+ individuals were cultured with class A CpG-

ODN.37,38 While our results support the observation that

PBMC from HIV-1+ individuals make lower concentra-

tions of cytokine than PBMC from uninfected individuals

in response to CPG-ODNs, we also show that there are

fewer pDC in these PBMC cultures that would be able to

produce IFN-a in response to CPG-ODNs. CpG-ODNs

were able to stimulate production of IFN-a and activate

pDC, mDC and iNKT cells within the PBMC. The pat-

tern of activation of the different classes of CpG-ODNs

in HIV-1+ individuals was consistent with that seen in

uninfected cell donors.

Our results are consistent with previous reports of

increased dendritic cell activation/maturation,47–49 B-lym-

phocyte activation50–52 and expression of pro-inflamma-

tory cytokines53–57 following CpG-ODN stimulation. We

highlight the potential of CpG-ODNs, particularly class A

and C CpG-ODNs, through the induction of pDC activa-

tion, maturation and IFN-a production to suppress viral

replication in the setting of HIV-1 disease. HIV-1-infected

CD4+ lymphocytes can induce pDC secretion of IFN-a,

which, in turn, suppresses viral replication in infected T

lymphocytes.58 By inducing greater levels of pDC activa-

tion and IFN-a production, CpG-ODNs may augment

this natural antiviral mechanism. The relative contribu-

tion of CpG-ODNs to the control of HIV-1 replica-

tion and enhancement of HIV-1-specific immunity in an

in vitro setting are currently being studied.

CpG-ODNs are used as adjuvants in vaccines, insuring

the activation of both innate and acquired immune

responses. A class B CpG-ODN (CpG 7909) used as an

adjuvant was shown to increase the antibody response to

hepatitis B vaccination in HIV-1-infected individuals.59

Our data suggests that class A CpG-ODN is likely to sti-

mulate a stronger T helper 1 (Th1) response and class C

may stimulate both humoral (Th2) and cell-mediated

immunity (Th1). When vaccinating against a pathogen,

the goal is not only to stimulate a response against the

particular pathogen, but to stimulate the class of immune

response that is most likely to protect the vaccinated indi-

vidual against that pathogen. Successful vaccines have his-

torically been protective by generating strong antibody

responses that are mediated by Th2. Generation of Th2
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against HIV-1 has not provided adequate protection. A

combination of the right class of CpG-ODN and HIV-1

vaccine is more likely to provide a Th1 response and,

hopefully, protective defence against HIV-1. A similar

approach could be used in development of vaccines

against other viral pathogens.
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