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IMMUNOLOGY

Synthetic oligodeoxynucleotides containing bacterial CpG motifs trigger an immunomodulatory 
response that correlates with both the CpG hhhexamers and their fl anking regions. In this study, four 
new phosphodiester backbone CpG ODNs were studied in the contest of the innate immune response 
to Mycobacterium tuberculosis (MTB) infection. Two out of the four CpG ODNs (CpG2 and CpG3) 
displayed signifi cant and opposite immunomodulatory effects: CpG2 enhanced MTB containment 
by human Monocyte-Derived-Macrophages (MDM), while CpG3 promoted an increased pathogen 
growth, higher ROS and Labile Iron Pool (LIP) levels. Accordingly, for iron homeostasis genes 
transcription, CpG2 and CpG3 induced, respectively, an iron retention and iron release phenotype.

Moreover, CpG2 induced NLRC4 and TRAF6 gene expression and repressed IKK alpha and 
TREM1 while CpG3 induced PPBP and IL-36 RN and repressed TRAF6, IL-1B, IL-1R2 and NF-kB2. 
After MTB infection, CpG2 increased the release of soluble TREM1 protein among many others 
as compared with fewer innate response-associated proteins induced by CpG3. We suggest that 
CpG2 helps the containment of MTB infection, by inducing an early tight balance of MDM activation 
players, including LIP, chemokines, ROS and TREM1 receptors. Oppositely, CpG3 induces in MDM an 
excessive and unregulated infl ammatory response unable to contain MTB infection.

ABSTRACT

Abbreviations
MDM: Human Monocyte-Derived-Macrophages; ROS: Reactive Oxygen Species; 

ipH: Intracellular pH; LIP: Labile Iron Pool; MTB: Mycobacterium tuberculosis H37Rv 
strain; CFU: Colony Forming Units; CpG motif: Unmethylated Cytosine-Guanine di-
nucleotide, located in a given hhexamer; CpG ODN: Synthetic Oligodeoxynucleotide 
Containing a CpG Motif; PAMP: Pathogen Associated Molecular Pattern; DAMP: 
Danger Associated Molecular Pattern; PRRs: Pathogen Recognition Receptors; 
TLR: Toll-like Receptor; TREM1: triggering receptor expressed on myeloid cells1; 
s-TREM1: soluble TREM1; Tf: Transferrin; TfR1: Transferrin receptor 1; FerrH: 
Ferritin Heavy chain; Fp: Ferroportin (or SLC40A1);  Nramp1: Natural Resistance-
Associated Macrophage Protein 1 (or SLC11A1) ; HOX1: Heme-Oxygenase1.
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Introduction
Unmethylated-Cytosine-Guanine dinucleotide (CpG) 

motifs are potent stimulators of the host immune response. 
During the last decade, CpG have been studied for their 
application in therapeutic and vaccine strategies, while are 
still limited the studies elucidating their stimulating role in 
the innate response to bacterial infections. These bacterial 
sequences are considered a type of Pathogen-Associated 
Molecular Pattern (PAMP) due to their abundance in 
bacterial genomes, and their immunostimulatory capacity 
against many intracellular pathogens, including Listeria 
monocytogenes, Leishmania major, Francisella tularensis, 
Klebsiella pneumonia [1-6] Staphylococcus aureus [7] and 
Mycobacterium tuberculosis (MTB) [8,9-11] have been 
documented. Some studies were performed, primarily, 
to describe their adjuvant properties in mice, but few 
data are available on the eff ects of CpGs in humans. It 
has been shown that mice vaccinated with BCG plus CpG 
Oligodeoxynucleotide (ODN) had a greater reduction 
in bacterial loads, after infection with MTB, than those 
vaccinated with BCG alone [12]. 

Juff ermans, et al. [13] found that mice infected with 
virulent MTB are protected by CpG ODN and that this eff ect 
is abrogated in IFN-γ gene-defi cient mice. Structurally, 
the synthetic unmethylated CpG dinucleotide are mainly 
designed between 2 purines at 5’ and 2 pyrimidines at the 3’ 
end, which can improve their immune eff ects when fl anked 
by specifi c sequences constituted by TC di-nucleotide at the 
5’ end and CTC tri-nucleotide pyrimidine at the 3’ end.

Moreover, most synthetic CpG ODNs diff er from microbial 
DNA because they have a partially or completely modifi ed 
Phosphorothioate (PTO), instead of the phosphodiester, 
backbone, to protects the ODN from the attack of cellular 
nucleases. In the last years several clinical studies showed 
that PTO modifi cation may induce undesired eff ects such as 
reduced protective immune responses, lymphoadenopathy, 
sustained local interferon gamma and IL-12 production, 
prolongation of coagulation time, complement activation, 
acute toxicity and renal damage [14]. To circumvent these 
side eff ects the research, recently, focused on several CpG 
ODNs with an unmodifi ed phosphodiester backbone and 
a number of studies have been performed to investigate 
the eff ects of DNA sequence as well as DNA backbone 
modifi cation on cellular uptake and immune stimulation. 

A recent study report that the TLR9 binding site exhibits 
a strong bias in favor of a phosphodiester backbone over the 
phosphorothioate backbone of the CpG motif, suggesting 
the role of unmodifi ed backbone to design improved 
immunostimulatory TLR9 agonists [15,16]. It is known that 
CpG-ODN, as well as bacterial DNA, can directly stimulates 
macrophages, and their uptake occurs through endocytosis 
followed by endosomal maturation, characterized by the 
passage of the endosomes in the lysosomes compartments. 
The endosomes fusion and the vesicles traffi  cking are 

regulated by the intracellular pH (ipH): in fact, some 
compounds, able to interfere with the intracellular 
acidifi cation, may aff ect the endosomal fusion and the 
biological action of CpG ODN [17]. It was also documented 
that the acidifi cation of endosomes containing CpG DNA is 
coupled with the rapid generation of ROS that, if produced 
in excess, are generally considered to be cytotoxic and have 
been implicated in pathogenesis in a wide variety of diseases. 
As opposite, moderate concentrations of intracellular ROS 
infl uence gene expression, at the level of transcriptional 
factors as Nuclear Factor ĸB (NF-ĸB) and Activator Protein 
1 (AP-1) [18]. Some authors reported that the responses of 
both B cells and monocyte-like cell lines to DNA containing 
CpG motifs were sensitive to endosomal acidifi cation for 
the production of the cytokines IL-6, IL-12 and TNF- [19]. 
It has been described [20] that the production of ROS can 
be highly increased by the presence of intracellular Labile 
Iron Pools (LIP) that is the chelatable, ferrous and redox-
active iron. Therefore, iron metabolism needs to be tightly 
controlled in mammalian cells by iron-binding proteins, 
such as Transferrin and Ferritin [21] to avoid an uncontrolled 
Fenton’s reaction favoured by the presence of ROS. In brief, 
Transferrin Receptor 1 (TfR19 mediates the entry in the cell 
of Transferrin-bound iron, while Ferritin (FERR Heavy and 
Light chain) has the function to store iron in cell organelles, 
while, in contrast, Ferroportin (Fp) allows iron to exit in the 
extracellular space. Nramp1 is a divalent cation transporter 
located on the lysosomal membrane, and it is described 
to be able to either concentrate iron in the lysosome, or, 
conversely, to deprive the intra-phagolysosomal pathogen 
of the precious metal. Heme Oxygenase 1 (HOX1) degrades 
Heme, produces Carbon Monoxide (CO), bilirubin and free 
ferrous iron, and it is also known to exert an anti-oxidant 
and a cytoprotective role in the cells. In this respect, it has 
been shown that the cellular activation state controls the 
homeostasis of iron in human macrophages [22,23].  

Innate immunity is critical for host survival during the 
early stages of infection. Both bacterial DNA and CpG ODN 
could induce cytokines production such as TNF-, IL-12 
and IL-6. However, fi ne-tuning of this response is critical 
to prevent excessive infl ammation and tissue damage. The 
CpG ODN-induced activation of the innate immune cells, 
leading to clear the pathogen and to shape the adaptive 
immune response, is triggered by the recognition and 
internalization of CpG with diff erent receptors, such as the 
toll-like receptors (as TLR9).

Furthermore CpG-ODN-induced TLR9 activation, either 
alone or in combination with LPS, resulted in a signifi cant 
increase of supernatant sTREM-1, the soluble form of 
triggering receptor [24] expressed on myeloid cells (TREM1). 
This latter, in the membrane anchored form, can modulate 
the innate response either by amplifying or dampening TLR-
induced signals, and thus play critical roles in fi ne-tuning 
the infl ammatory response.  
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In this scenario, we investigated the role of new 
phosphodiester CpG-ODN in infl uencing human 
macrophages activation linked to their mycobactericidal 
capacity. We confi rmed that the CpG fl anking sequences 
play a specifi c role in regulating the antibacterial response 
[25]. According to the most eff ective and opposite properties 
induced by two out of the four new CpG-ODNs (CpG2 and 
CpG3) in infl uencing MDM bacterial containment we further 
studied several parameters related to the activated innate 
immune response.

We contemporarily analysed CpG-ODN eff ects on ipH, 
ROS release and LIP. To better understand the infl ammation 
status and regulation induced by the two CpG ODNs we 
investigated the variations in cytokines/chemokines 
and iron homeostasis genes expression before and after 
MTB infection. We focused our attention on a group of 
iron regulating genes mainly involved in the macrophage 
response to infection, such as TfR1, Ferr H, HOX1, Fp and 
Nramp1. Finally, we measured the innate response associated 
proteins released in CpG-treated MDM supernatants. 

The traits associated to MTB containment or 
permissiveness are presented and the possible role in 
conferring protective immunity of an early, acute, but timely 
self-limited infl ammatory innate immune response [26] is 
discussed.  

Materials and Methods
CpG motifs and ODNs sequences 

In tables 1A,B are reported the sequences of our four 
phosphodiester backbone CpG motifs, and our four reverse 
CpG (Table 1A) and their fl anking sequences. They contain 
a 5’ TCG and a 3’ CTC (in italic) in order to improve their 
immune eff ects (10-11). In each CpG-rev the CpG motif 
(hexamer) is left intact but loses the right fl anking sequence 
context, which is the reverse complement of initial fl anking 
sequences.

Current evidence suggests that TLR9 show considerable 
selectivity for CpG DNA sequences with diff erent preferences 

in mouse (GACGTT) and human (GTCGTT) species. Given 
that our new CpG2 ODN contains the hexamer used in mouse 
studies, we included also a human motif ODN, containing 
the human hexamer, to verify whether they elicit a species-
restricted response.

Sample size

Buff y coats from 10 diff erent healthy donors have been 
collected to perform the experiments and each donor have 
been analysed only once. The number of donors tested in 
each specifi c measurement is indicated in the fi gure legends.

Cell culture and treatment

Monocytes were isolated from 10 healthy donors’ buff y 
coats Peripheral Blood Mononuclear Cells (PBMC) by density 
gradient centrifugation using Lympholyte-H (Cederlane, 
Mayada). Cells were grown in complete medium consisting of 
RPMI 1640 supplemented with 10% FBS, 2 mM L-glutamine 
and gentamicin 5 g/ml at 37°C in a 5% CO2 atmosphere. 
The day after the Monocyte-Derived-Macrophages (MDM) 
diff erentiated by adherence, were detached and resuspended 
106/ml. At the seventh day 106 diff erentiated monolayer cells, 
were stimulated for 1 hr with 1 μM of diff erent CpG ODNs 
(Table 1) and GpC ODN (ATCGACTCTCGGAGCTTCTC) [27].

Intracellular pH measurement

Intracellular pH (ipH) was measured using the 
intracellular probe 2"-7"-bis (carboxyethil)-5(6)-
carboxyfl uorescein (BCECF/AM) according to the protocol 
described by Grinstein, et al. [28]. 

MDM were treated with CpG ODN 1, 2, 3 and 4 and tested 
in parallel in a 30-minute time interval of repeated measures. 
The ipH was measured with a BCECF/AM intracellular probe 
(which is proportional to ipH values). Both untreated than 
GpC treated macrophages were used as negative control. 
Briefl y, 2x106 of uninfected macrophages were treated 
with diff erent CpG ODNs (as described above), washed and 
incubated with 1μg/ml of BCECF/AM, dissolved in DMSO, at 
37°C for 30 minutes, and protected from the light. The role 

Table 1a: Sequences of the four CpG ODN employed, and the relative reverse complementary fl anking sequences for each CpG ODN, referred to as CpG-rev. The 
CpG motifs, with two Purines 5’ and two Pyrimidines 3’, are in bold, the CpG dinucleotides are underlined, and the 5’ TCG and 3’ CTC sequences are in italic. In each 
CpG-rev the CpG motif is left intact but loses the appropriate fl anking sequence.
CpG1         ATCGACTCTCGGACGTCCTC
CpG1rev    GAGGACGTCCGAGAGTCGAT 
CpG2  ATCGACTCTCGGACGTTCTC   
CpG2rev    GAGGACGTTCGAGAGTCGAT  
CpG3  ATCGACTCTCGAACGTCCTC  
CpG3rev    GAGAACGTCCGAGAGTCGAT
CpG4  ATCGACTCTCGAACGTTCTC 
CpG4rev    GAGAACGTTCGAGAGTCGAT                           

Table 1b: Sequences of the commercial CpG used are reported, the CpG dinucleotides are underlined.

CpG human      ATCGACTCTCGGTCGTTCTC

2006                   TCGTCGTTTTGTCGTTTTGTCGTT

1668                   TCCATGACGTTCCTGATGCT
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of the Na+/H+ exchanger was detected in the Hepes buff er 
without bicarbonate with the following composition: 140 
mM NaCl, 5 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 20 mM Hepes, 
10 mM glucose at pH = 7.4. Fluorescence was measured under 
continuous magnetic stirring at the controlled temperature 
(37°C) in a Perkin-Elmer L-S-5 luminescence spectrometer 
equipped with a chart recorder model R 100A, with excitation 
and emission wavelengths, respectively, of 500 and 530 nm 
using 5 and 10 nm slits. The ipH variations are indicated with 
Fluorescence Arbitrary Units (F.A.U.).

One-Way ANOVA (Bonferroni post-test) was used for the 
statistical analysis.

The fl uorescent probe used detected the overall ipH. 
Although we could not discriminate between cytosolic 
and organelles pH values, a statistically relevant ipH 
modifi cation was observed in treated versus untreated cells.

Arbitrary fl uorescence units were normalised on 
the untreated MDM maximum value and the trend of 
intracellular acidifi cation was plotted.

Infection of MDM with MTB H37Rv or S.aureus

The infection was performed after seven days of MDM 
culture, at a Multiplicity of Infection (MOI) of 10:1 (bacteria 
to cells), following 1 hour of pre-treatment with 1 μM of 
CpG ODNs. As control cells, MDM only infected but not CpG 
treated, were used. The experiments were repeated on MDM 
samples from 10 healthy donors. Prior to infection, MTB 
bacilli were sonicated to disrupt small aggregates (clumps) 
of bacteria. In respect with S.aureus infection the sonication 
step was not necessary. 

Determination of bacterial Colony Forming Units 
(CFU)

Infection with S.aureus: MDM were treated with CpG 
ODNs for 1 hour, and then infected with S.aureus at a MOI 
of 10. After 3 hours of infection, the cells were washed with 
warm Phosphate Buff er Saline (PBS), to eliminate all the 
non-phagocytosed bacteria, and left for 24 hours to measure 
the intracellular bacterial replication by CFU measure. Part 
of the cells was immediately lysed (0.1% Saponin -Sigma, 
St Louis, MO- PBS for 30 minutes at 37°C) to calculate the 
phagocytosis rate. The remaining infected MDM were left 

in culture for 24 h, and then the culture supernatant was 
harvested and the cells lysed, according to specifi c protocols, 
to determine the intracellular bacterial growth and to extract 
the corresponding total RNA. CFU determination for MTB 
and S.aureus.

Cell lysates were serially diluted and plated on 7H10 
Middlebrook (Becton Dickinson, Franklin Lakes, NJ, USA) 
medium with OADC in duplicate, for M.tuberculosis or 
Mueller-Hinton Agar plates for S.aureus. CFU were counted 
after 21 days (for slow growing M.tuberculosis) or 24 h (for 
fast growing S.aureus) of incubation at 37°C in a 5% CO2 
atmosphere and plates were maintained for 30 days to ensure 
that no additional CFU appeared. S.aureus phagocytosis rate 
was measured after two hours of infection: the cells have 
been washed twice to eliminate the extracellular bacteria and 
subsequently the cell lysates have been plated and incubated 
for 24 hours.

The rate of phagocytosed bacteria was calculated by 
dividing the CFU obtained from intracellular bacteria 
entered in two hours of infection by the total number of 
bacteria used to infect MDMs. This rate was calculated only 
for S.aureus infection, given its fast growing cell cycle (20 
min), as compared with the slow growing MTB one (16 hr). 
In order to accurately determine the eff ective Multiplicity 
of Infection (MOI) and to eliminate the errors due to the 
possible variation of the independent experiments, the 
bacterial stocks titers used was confi rmed each time (by 
plating the fi nal dilution used to infect the cells).

Cells treatment: In the experiments with the CYBB (or 
gp91 phox) inhibitor Diphenyleneiodonium Chloride (DPI), 
alone or in combination with CpG ODNs, cells were pre-
treated for 1 hour and then infected. The fi nal concentration 
was 10μM DPI which was co-administered with CpG-ODNs.

Reactive oxygen species detection: ROS generation 
was analysed, as previously described [29] by loading cells 
with 10 μM of the cell permeant fl uorescent indicator 2’, 
7’-dichlorofl uorescein diacetate (H2DCFDA) (Molecular 
Probes) for 60 minutes at 37°C in the dark. Upon cleavage 
of the acetate groups by intracellular esterases and 
oxidation, the non-fl uorescent H2DCFDA is converted to 
the highly fl uorescent 2’, 7’-dichlorofl uorescein (DCF). DCF 
fl uorescence intensity is proportional to the ROS amount 
produced intracellularly [18]. After labelling, 106 MDM cells 

Table 1c: Rationale for the design of our four new CpG-ODNs. We started with the well-known CpG motif, described by Krieg in 2002 [27] there after called CpG2 ODN 
with the newly designed fl anking sequences. Then we asked whether it might have conserved its effects when the hhexamer was the reverse-complement (thereafter 
called CpG3). CpG1 and CpG4 are the result of the variation of the fi nal Pyrimidine in, respectively, CpG2 and CpG3.

5’ CpG dimer 3’

Pur. Pur. C G Pyr. Pyr.

CpG1 G A C G T C Variation of fi nal Pyrimidin CpG2 Our design

CpG2 G A C G T T Optimal CpG motif Krieg 2002

CpG3 A A C G T C Rev. Complem. CpG2 motif Our design

CpG4 G A C G T T Variation of fi nal Pyrimidin CpG3 Our design
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Table 2: List of genes and proteins.

Gene or Protein 
name Description Alternative nomenclature

Nramp1 Natural resistance-associated macrophage protein 1 SLC11A1, Solute Carrier Family 11 (Proton-Coupled 
Divalent Metal Ion Transporters), Member 1

PPBP Pro-platelet basic protein (chemokine (C-X-C motif) ligand 7) B-TG1, Beta-TG, CTAP-III, CXCL7

IL-36RN Interleukin 36 receptor antagonist IL-1R antagonist

CHUK Conserved helix-loop-helix ubiquitous kinase IKBKA, IKK-alpha, IKK1, IKKA, NFKBIKA

CCR3 Chemokine (C-C motif) receptor 3 CC-CKR-3, CD193, CKR3, CMKBR3

TREM1
Triggering receptor expressed on myeloid cells 1, amplifi er of infl ammatory 

responses that are triggered by bacterial and fungal infections and is a crucial 
mediator of septic shock.

CD354 Antigen

IL-1R2 Interleukin 1 receptor, type II CD121b, IL1RB

NLRC4 NLR family, CARD domain containing 4

TRAF6 TNF receptor-associated factor 6 MGC:3310, RNF85

CCL1 Chemokine (C-C Motif) Ligand 1, Infl ammatory Cytokine I-309, Cytokine that is 
chemotactic for monocytes but not for neutrophils. Binds to CCR8. I-309

CCL2 Chemokine (C-C Motif) Ligand 2, Monocyte Chemotactic Protein 1, it binds to 
chemokine receptors CCR2 and CCR4. MCP-1

CCL3 Macrophage Infl ammatory Protein 1-Alpha, G0/G1 Switch Regulatory Protein 19-1, 
binds to CCR1, CCR4 and CCR5. MIP-1 alpha

CCL4 Macrophage Infl ammatory Protein 1-Beta, binds CCR5 but it is a ligand also for CCR1 
and CCR2 MIP-1 beta

CCL5 Small Inducible Cytokine A5, binds to CCR5 RANTES

CXCL1 Growth-Regulated Alpha Protein, the encoded protein is a secreted growth factor that 
signals through the G-protein coupled receptor, CXCR2. GRO-alpha

CXCL10
Interferon-Inducible Cytokine IP-10, binding of this protein to CXCR3 results in 

pleiotropic effects, including stimulation of monocytes, and modulation of adhesion 
molecule expression

IP-10

CXCL11 Interferon Gamma-Inducible Protein 9, binds to CXCR3 I-TAC

CXCL12
This antimicrobial gene encodes a Stromal Cell-Derived Factor 1. Activates the 

C-X-C chemokine receptor CXCR4 to induce a rapid and transient rise in the level of 
intracellular calcium ions and chemotaxis.

SDF-1

MIF

Macrophage Migration Inhibitory Factor, Pro-infl ammatory cytokine. Involved in the 
innate immune response to bacterial pathogens. The expression of MIF at sites of 

infl ammation suggests a role as mediator in regulating the function of macrophages 
in host defence. Counteracts the anti-infl ammatory activity of glucocorticoids.

GLIF, DER6, MMIF

PAI1
Plasminogen Activator Inhibitor Type 1, is the principal inhibitor of tissue 

plasminogen activator (tPA) and urokinase (uPA), and hence is an inhibitor of 
fi brinolysis and ECM degradation.

Serpin E1

IL-8 Monocyte-Derived Neutrophil Chemotactic Factor, binds CXCR1 and CXCR2; it 
functions as a chemoattractant, and is also a potent angiogenic factor. CXCL8

G-CSF

Granulocyte Colony Stimulating Factor, Granulocyte/macrophage colony-stimulating 
factors are cytokines that act in haematopoiesis by controlling the production, 
differentiation, and function of 2 related white cell populations of the blood, the 

granulocytes and the monocytes-macrophages.

CSF beta, CSF3

GM-CSF

Granulocyte Macrophage-Colony Stimulating Factor. The protein encoded by 
this gene is a cytokine that controls the production, differentiation, and function 

of granulocytes and macrophages. The active form of the protein is found 
extracellularly as a homodimer. This gene has been localised to a cluster of related 

genes at chromosome region 5q31, which is known to be associated with interstitial 
deletions in the 5q- syndrome and acute myelogenous leukaemia.

CSF alpha,CSF2

sTREM1 Soluble TREM1, sTREM-1 is thought to
negatively regulate TREM receptor signalling through neutralisation of the ligand.

CD55 Decay Accelerating Factor for Complement DAF

IL1RAP IL-1 Receptor Accessory Protein

CYBB Cytochrome B-245 Heavy Chain gp91 PHOX

List of genes and proteins analysed by real time PCR and protein array (abbreviation, description and alternative nomenclature).
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were washed twice with PBS, centrifuged for 10 minutes 
at 580 g, resuspended in PBS buff er and stimulated with 
the diff erent CpG ODNs. ROS production was determined 
at 45 minutes after CpG ODN stimulation by fl uorimetric 
measurement of fl uorescence (excitation 488 nm; emission 
530 nm). Fluorescence emission was monitored by the use of 
a Perkin Helmer LS50B Luminescence Spectrometer.

3.6.4. Quantifi cation of the labile iron pool: The labile 
iron pool was measured by loading cells with the iron-
sensitive probe Calcein-AM (Molecular Probes) as previously 
described [30]. Briefl y, human MDM were incubated in 
12-well plates with MEM supplemented with 1 mg/mL 
bovine serum albumin and 0.25 μM Calcein-AM at 37°C for 
15 minutes. After two washing cycles, cells were maintained 
in HBSS supplemented with 10 mM glucose and fl uorescence 
was measured using the Victor3 Multilabel Counter (Wallac, 
Perkin Elmer) at 485 nm (excitation) and 535 nm (emission).

The iron chelator Deferiprone (Sigma) was then added 
to reach 300 μM fi nal concentration and fl uorescence was 
re-determined after 10 minutes. Fluorescence increases 
induced by iron chelator were normalised on protein 
content, assessed by the BCA assay, and considered as Labile 
Iron Pool (LIP) values, calculated by the formula: [CA-Fe] = 
F * [CAt]. 

CA is Calcein, Fe is Iron, [CA-Fe] is the concentration 
of the Iron-bound CA, [CA] t is the total concentration of 
intracellular CA, and DF is the increase in the fl uorescence 
produced by the addition of the chelator Deferiprone. 
The concentration of iron-bound CA [CA-Fe] or LIP, was 
obtained from the relationship [CA–Fe]=F*[CA]t.

RNA extraction: Cells were drained of media and the 
adherent cells were resuspended in ice-cold 4M Guanidium 
iso-thiocyanate (GTC) lysis solution. Total RNA was 
extracted as described by Chomczynski and Sacchi [31], 
analysed on a 1, 5% denaturing agarose gel for absence of 
degradation and quantifi ed by UV spectroscopy at 260/280 
nm. The RNA, obtained in six diff erent experiments, was 
used to perform quantitative real time RT-PCR.

cDNA Reverse Transcription (RT) and quantitative 
real time PCR: One microgram of total RNA was reverse-
transcribed using random hexamers and SuperScript III 
Reverse Transcriptase (Invitrogen, Paisley, UK) according 
to the manufacturer’s instruction. Quantifi cation of PCR 
products was performed with ABI PRISM 7500 FAST 
(Thermo Fisher Scientifi c, USA). The Real Master SYBR 
Green (Thermo Fisher Scientifi c, USA) was used to produce 
fl uorescent-labeled PCR products and we monitored 
increasing fl uorescence during repeat cycling of the 
amplifi cation reaction. Primer sets for all amplicons were 
designed using the Primer-BLAST software (https://www.
ncbi.nlm.nih.gov/ tools/primer-blast). For all primers, the 
following temperature cycling profi le was used: 2 min at 
50°C and 2 min at 95°C followed by 1 min and 30 s at primer-

specifi c annealing Temperature (for all the primer pairs, 
the Annealing T was chosen to be around 60°C, ± 3°C) for 40 
cycles. L34 was used as an internal control because it was 
shown to be stable with diff erent inductions. The relative 
level for each gene was calculated using the 2−ΔΔCt method, 
as depicted in the experimental graphic scheme above (see 
panel c) (Livak & Schmittgen, 2001).

RNA extraction, cDNA synthesis for q-rt RT-PCR 
Innate Immune Response MacroArrays: Total RNA was 
extracted from macrophages by the RNeasy Mini RNA 
Isolation Kit (Qiagen GmbH, D) 1μg of RNA was reverse 
transcribed to cDNA by the RT2 First Strand Kit (Qiagen 
Sciences, Maryland, USA). Quantitative RT-PCR was carried 
out using the ABI7500 Real-Time PCR System and the RT2 
Profi ler™ PCR Array Human Innate and Adaptive Immune 
Response PCR Array (PAHS-052A, Qiagen). The assay was 
performed following the producer instructions. Briefl y, 25 
μl of RT2 SYBRGreen/ROX qPCR MasterMix, cDNA (1ml) and 
RNase-free water were added to each well of the plate, which 
already contained the forward and reverse primers for the 
genes of interest: HPRT1, RPL13A, GAPDH and ACTB were 
used as housekeeping genes. Two replicates of each sample 
were used and RT-PCR was performed under the following 
conditions: 95°C for 10’, followed by 40 cycles of 15’’ at 95°C 
and 1’ at 60°C. For the dissociation curve the profi le was 95°C 
for 1’, 55°C for 30’’ and 95°C for 30’’. 

The relative gene expression data was analysed by RT2 
Profi ler PCR Array data analysis v4.0 (Qiagen Superarrays) 
following the indicated criteria for data validation: 

Fold-Regulation represents fold-change results in a 
biologically meaningful way. Fold-change values greater 
than one indicates a positive- or an up-regulation, and the 
fold-regulation is equal to the fold-change; 

A: This gene’s average threshold cycle is relatively 
high (> 30) in both the control and the test sample, and is 
reasonably low in the other sample (< 30). This data means 
that the gene’s expression is relatively low in one sample and 
reasonably detected in the other sample suggesting that the 
actual fold-change value is at least as large as the calculated 
and reported fold-change result. We considered for analysis 
only genes whose pattern of expression was annotated as A.

B: This gene’s average threshold cycle is relatively high 
(> 30), meaning that its relative expression level is low, in 
both control and test samples, and the p-value for the fold-
change is either unavailable or relatively high (p > 0.05). 

This fold-change result may also have greater variations; 
therefore, it is important to have a suffi  cient number of 
biological replicates to validate the result for this gene. 

C: This gene’s average threshold cycle is either not 
determined or greater than the defi ned cut-off  (default 
35), in both samples meaning that its expression was 
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undetected, making this fold-change result erroneous and 
un-interpretable.

B. and C. RT2 Profi ler PCR Array data analysis v4.0 scored 
samples were excluded. 

p-values: The p values are calculated based on a Student’s 
t-test of the replicate 2^(- Delta Ct) values for each gene in 
the control group and treatment groups, and p values less 
than 0.05 are indicated in red.

Human cytokines protein profi ler array: The culture 
media were collected after 24 hours of infection, upon CpG 
ODNs treatment. All protein array analyses were performed 
according to the manufacturer’s instructions. Briefl y, we 
blocked membranes with Array Buff er 4 for 1 hour; in the 
meantime, we prepared samples by adding up to 1 ml of 
each sample to 0.5 ml of Array Buff er 4, adjusting to a fi nal 
volume of 1.5 ml with Array Buff er 5. Then we added 15 μl of 
Cytokines Detection Antibody (which ultimately turns out to 
be a 1:100 dilution factor) and incubated for 1 hour at room 
temperature. After that we incubated samples on membranes 
overnight at 4°C and the day after they were washed with 
distilled water. We then diluted Streptavidin-HRP in Array 
Buff er 5 and it was dripped on membranes incubated for 30 
minutes at room temperature. After washing each membrane 
was incubated with chemiluminescent detection reagent.

The culture media were each measured using the 
Human Cytokine Array Panel A (Proteome Profi ler TM) 
( R&D Systems, Minneapolis, MN, USA). Streptavidin-
HPR was used to detect protein expression and the data 
were captured by exposure to Kodak BioMax Light fi lm 
by chemiluminescent ECL (Amersham Biosciences, GE 
Healthcare, UK). The arrays were scanned into a computer 
and optical density measurements were obtained with 
Array Vision 7.0 software (Imaging Research Inc., Canada). 
Positive controls were located in the upper left-hand corner 
(two spots), lower left-hand corner (two spots) and lower 
right-hand corner (two spots) of each array kit.

Statistical analyses
Graph Pad Prism 4 (Graph Pad software, San Diego, CA) 

was used for graphical and statistical analysis. Statistical 
signifi cance was assessed by analysis of the variance (One 
Way ANOVA), followed by Bonferroni’s post test; the Pearson 
correlation test was used to fi nd any signifi cant association 
between the series of values; diff erences were considered 
signifi cant at p < 0.05.

Results
CpG ODN-treated MDM and M.tuberculosis infection

In order to investigate the eff ect of the new four CpG 
ODN pre-treatment on the antimicrobial immune response 
against pathogenic intracellular bacteria, we used an in vitro 

infection model of human monocyte-derived-macrophages 
(MDMs) infected with H37Rv Mycobacterium tuberculosis 
(MTB) at an Multiplicity of Infection (MOI) of 10.

We treated the cells with each single new CpG for 1 hour, 
and then we infected with MTB H37Rv. Both MTB infected 
and untreated cells and GpC treated macrophages were 
used as negative control. The results of the experiment are 
summarised in fi gure 1A: the cells pre-treated with CpG3 ODN 
showed a signifi cantly increased intracellular MTB growth 
(1,6 fold increase, p = 0.0003) while CpG2 ODN treatment 
reduced the MTB growth (almost 1 LOG, 9.8 fold reduction, 
p<0.0001), as compared to control cells. In respect with the 
other two new CpG, CpG-1-ODN did not signifi cantly aff ect 
MTB growth (p > 0.05) while CpG4 induced a less pronounced 
growth reduction, although statistically signifi cant (5.5 fold 
reduction, p = 0.0081). 

To investigate whether fl anking sequences missing the 
immune stimulant TCG 5’ and the CTC 3’ fl anking the CpG 
motif could infl uence the biological eff ects of CpG motif, in 
particular their anti-mycobacterial activity, we also tested 
the reverse complement of the four CpG ODNs, having the 
same hexamer sequence inserted in the reverse complement 
of previous fl anking sequences (referred to as CpG-rev, see 
supplementary material fi gure S1). Accordingly, we had 
CpG1-rev, CpG2-rev, CpG3-rev and CpG4-rev (see table 1 in 
Math and Meth). The pair CpG3 ODN/CpG3-rev is the only 
one in which we observed a statistically signifi cant diff erence 
in CFU number in that CpG3-rev did not augment the MTB 
intracellular growth to the same extent as CpG3 ODN. The 
pair CpG1-ODN/CpG1-rev was not aff ected by the fl anking 
sequences, indeed also CpG1-ODN did not show a substantial 
mycobactericidal eff ect. Data for the pairs CpG2 ODN/
CpG2-rev and CpG4-ODN/CpG4-rev were not statistically 
signifi cant when analyzed with One Way ANOVA, comparing 
all the data sets together. Nevertheless, when we analyzed 
the data for each CpG ODN sense vs. rev couple, with Mann-
Whitney t test, also the diff erences observed in CpG2- and 
CpG4-treated cells resulted to be positive (Supplementary 
fi gure 1).

CpG ODN-treated MDM and S.aureus infection

In order to investigate whether the eff ect of the new 
CpG, as well as DNA fl anking sequences, was pathogen-
dependent we used a second, independent in vitro infection 
model of S.aureus, that, compared to MTB, is characterized 
by a faster replication cycle (roughly 20 minutes vs 16 hours) 
and even if is a class II pathogen represent a bacteria of great 
interest for nosocomial infection. Interestingly (Figures 1B 
and 1C) we confi rmed, also in S.aureus infection model, that 
the cells pre-treated with CpG3 ODN signifi cantly increased 
the intracellular bacteria growth, as showed by the rate of 
increase corresponding to 14,4 fold (1,2 LOG, p < 0.001) while 
CpG2 ODN reduced the growth 19 fold (1.27 LOG, p < 0.0001) 
as compared to control cells.

https://www.jelsciences.com/articles/jbres1517s.docx
https://www.jelsciences.com/articles/jbres1517s.docx
https://www.jelsciences.com/articles/jbres1517s.docx
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Figure 1 A: MTB CFU in human CpG ODNs pre-treated MDM (1x106 cells/well) after 24 hours of infection. 
B: S.aureus CFU in human CpG ODN pre-treated-MDM after 24 hours of infection. 
C: S.aureus phagocytosis after 1 hour of MDM CpG ODN treatment and corresponding CFU after 24 hours of infection. The data represent the mean ± sd of the 
results obtained from experiments performed on ten different donors. 

Again, the other two CpG ODN resulted either non-
aff ecting intracellular S.aureus growth (as CpG1, p > 0.05) or 
slightly reducing the intracellular bacterial load (as CpG4, 5.2 
fold reduction, 0.7 LOG), although statistically signifi cant 
(p = 0.018). Considering the importance of phagocytosis as 
the fi rst defence response of macrophages, we wondered if 
the CpG stimulation eff ect on fi nal replication could depend 
on the infl uence of CpG in the initial bacterial entry step. 
As shown in fi gure 1C the phagocytosis rate (between 10 
to 20% of the initial bacteria administered) did not result 
signifi cantly infl uenced by the diff erent CpG, suggesting 
that the eff ect identifi ed is due to the subsequent interplay 
between bacteria and the macrophage response. Indeed, 

after 24h, CpG 2 ODN is the most stable in reducing CFU, 
surpassed only by Rifampicin. Comparing the eff ects 
between CpG2 and 1688 and CpG human and 2006, we can 
assume that the hexamer effi  ciency is also infl uenced by the 
fl anking sequences.

ipH in hu-MDM plus CpG ODN

It has been demonstrated that the acidifi cation, both 
endosomal than intracellular, is required for the CpG DNA-
mediated leukocyte activation and is coupled to the rapid 
generation of ROS, which leads to NF-kB activation and 
subsequent proto-oncogene and cytokine expression [9]. 
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We therefore determined the capacity of the four new 
CpG ODNs to decrease the MDM intracellular pH (ipH). 
As shown in fi gure 2 CpG2 ODN and CpG3 ODN induced a 
signifi cant decrease of ipH, corresponding to the reduced 
values of normalized AFU, as compared with the other CpG. 
CpG1 ODN also induced a ipH decrease, but it was almost 
overlapping the eff ect induced by its reverse complement 
sequence (data not shown) and anyhow not associated to an 
intracellular bacterial growth decrease. 

The decrease of the normalized AFU (Arbitrary 
Fluorescence Unit) values indicates the lowering of ipH 
values.

ROS production in MDM treated with CpG ODNs

Following CpG ODNs internalisation the macrophage 
triggers an orchestrated response, which involves ROS 
production [9]. We therefore investigated the ROS 
generation in CpG ODN-treated MDM. As shown in fi gure 3A, 
CpG1-ODN and CpG3 ODN treatment signifi cantly increased 
the ROS generation as compared with control MDM (p < 
0.001). In MDM treated with CpG4-ODN still a signifi cant 
increase of ROS was detected vs. controls (p < 0.05) even if 
less than CpG1-ODN and CpG3 ODN. Interestingly CpG2 ODN 
treatment was the only one in which the slightly higher 
ROS generation, compared to the control, did not result 
statistically signifi cant.

In view of the opposing immunomodulatory 
characteristics observed in stimulating the containment of 
MTB by human MDM, we focused all the subsequent detailed 
analysis on CpG2 and CpG3 ODNs.

ROS generation in cells involves the catalytic subunit 
NADPH Oxidase 2 (NOX2), which is encoded by the 
CYBB (gp91phox) gene, and is the main source of ROS 
in mononuclear phagocytes and in Polymorphonuclear 
Leukocytes (PMNs) [32,33]. To ascertain the role of ROS in 
MTB containment, the CYBB inhibitor DiphenylIodonium 
(DPI) was added to MDM cultures treated with CpG2 ODN or 
CpG3 ODN and CFU were counted after 24 hours. As shown 
in fi gure 3B, we observed that MTB intracellular growth 
was reduced in CpG3-treated cells plus DPI, as compared 
with CpG3 only, while it was ultimately increased in CpG2-
treated-MDM plus DPI, even if not statistically signifi cant, 
as compared with CpG2 only. This fi nding might suggest 
that a moderate production of ROS, following MTB infection, 
is not detrimental per se, but that it has to be accurately fi ne-
tuned by the activated MDM, both in timing and amount. 
Moreover, this data might suggest that CYBB-induced ROS 
is a necessary factor to contain MTB, but it is not suffi  cient 
to regulate the whole process. 

Labile Iron Pool (LIP) measurement after CpG2 and 
CpG3 ODN MDM treatment 

The amount of Ferrous or calcein-chelatable, or Labile 

Figure 2 ipH changes in human MDM (1x106 cells/well) after CpG ODNs stimulation in a 30 minute time course. The data represent the mean ± sd of the results 
obtained from experiments performed on fi ve different donors. The decrease of the normalized AFU (Arbitrary Fluorescence Unit) values indicates the lowering of 
ipH values. 
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Figure 3 ROS production in human MDM (1x106 cells/well) plus different four CpG ODNs. 
A: ROS production in human MDM plus CpG2 and CpG3 ODNs. 
B: MTB CFU determination after CpG2 and CpG3 ODNs pre-treatments, with or without CYBB (or gp91 phox) inhibitor DPI co-administration. The data represent 
the mean ± sd of the results obtained from experiments performed on ten different donors.

Iron (LIP), inside the human MDM it is associated with both 
ROS production and intracellular mycobacterial growth 
[20,34].

We measured the amount of LIP in MDM, one hour 
after CpG2 ODN or CpG3 ODN treatment, to characterise 
the intracellular environment in which MTB started its 
replication. In fi gure 4 we show that only CpG3 ODN 
increased the amount of Calcein-chelatable LIP, while CpG2 
ODN did not aff ect it. Such an increase might contribute 
to boost ferrous iron availability to intracellular MTB and, 
consequently, to enhance the pathogen replication and the 

ROS pool inside the cells. CA is Calcein, Fe is Iron, [CA-Fe] 
is the concentration of the Iron-bound CA, [CA] t is the 
total concentration of intracellular CA, F is the increase in 
the fl uorescence produced by the addition of the chelator 
Deferiprone. The concentration of iron-bound CA, [CA-
Fe] or LIP, was obtained from the relationship [CA–Fe] = 
F*[CA]t .

Iron homeostasis gene regulation in MDM before 
and after MTB infection

Considering the role of iron in bacterial replication, we 
analysed, by q-rt RT-PCR, the relative expression levels 
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Figure 4 LIP in human MDM plus CpG2 and CpG3 ODNs. Calcein-chelatable 
Labile Iron Pool (LIP) in human MDM treated with CpG2- and CpG3 ODNs. 
Fluorescence increases induced by iron chelator were normalised on 
protein content, assessed by the BCA assay, and considered as LIP values, 
calculated by the formula: [CA-Fe]= F * [CAt]. CA is Calcein, Fe is Iron, [CA-Fe] 
is the concentration of the Iron-bound CA, [CA] t is the total concentration of 
intracellular CA, and DF is the increase in the fl uorescence produced by the 
addition of the chelator Deferiprone. The concentration of iron-bound CA,[CA-
Fe] or LIP, was obtained from the relationship [CA–Fe]=F*[CA]t
The data represent the mean ± sd of the results obtained from experiments 
performed on ten different donors.

of a group of iron regulating genes, mainly involved in the 
macrophage response to infection, such as Transferrin 
receptor 1 (TfR1), Ferritin Heavy chain (Ferr H), Heme 
Oxygenase 1 (HOX1), Ferroportin (Fp) and Nramp1. The main 
function of these genes is depicted in the graphical cartoon 
in fi gure 5. Briefl y, TfR1 mediates Transferrin (Tf) bound 
Iron in the cells, FerrH stores ferric iron in the lysosome, 
Ferroportin export iron outside the cells, while Nramp1 
antiport mediates iron entry in the phagolysosome and H+ 
exit (and viceversa). HOX1 degrades free Heme and produces 
iron, biliverdin and Carbon Monoxide (CO).

The relative gene expression of CpG ODN-treated MDM 
was analysed before and after 24 hours of MTB infection. 

Before MTB infection (Figure 5 top panel), the treatment 
with CpG2 ODN induced statistically signifi cant diff erences 
for Nramp1 and TfR1 genes expression, both of them being 
induced (fold-induction >1.9), as compared with nearly 
unchanged expression in CpG3-MDMs. Fp and HOX1 were 
similarly induced by the two CpG ODN treatments, while 
Ferr H showed a tendency to be repressed by CpG2 ODN 
(fold-induction <0.5). 

After MTB infection (Figure 5 central panel) the 
expression levels of Nramp1 and HOX1 were further 

enhanced in CpG2 ODN-MDM, while they became no longer 
detectable in CpG3 ODN-MDM, together with Ferr H, being 
it now induced by CpG2 ODN. Interestingly, MTB-infected 
MDMs showed TfR1 repressed by CpG2- and induced by 
CpG3 ODN, while Fp no longer showed diff erences vs. control 
cells in both the treatments. 

Overall CpG2 treatment induced in MTB-infected MDM 
an Iron retention or “compartmentalisation” phenotype 
while CpG3 ODN MDM showed an iron release phenotype. 

By strictly regulating the localisation and protein 
binding of Labile Iron, CpG2 might help the MDM to deprive 
the intracellular pathogen of this precious mineral.

Innate immune response gene array: To further 
characterize the MDM intracellular milieu encountered 
by MTB in the initial phase of infection, i.e. after 1 hour of 
CpG ODN treatment, we broadened the analysis of CpG ODN 
eff ects to a larger group of genes orchestrating the Innate 
Immune response, by means of RT-macroarrays with 84 
genes belonging to this pathway. A group of nine genes was 
induced by both the CpG ODNs (not shown), namely: TGF-β, 
FNγR2, β2 Microglobulin, CD55, IL1RAP, IL-10, CYBB, IĸBĸB 
and IL-36B.

Remarkably (Figure 6), two genes, PPBP and IL-36RN, 
were induced only by CpG3 ODN (in CpG2-MDM the fi rst 
being unchanged and the second not even detectable). The 
genes: IL-1B, IL-1R2, CCR3, CD14 and NF-ĸB2 resulted 
repressed only by CpG3 ODN, while they stayed unchanged 
in CpG2-MDM. In contrast, TRAF6 and NLRC4 were induced 
only by CpG2 ODN, and were, respectively, unchanged and 
repressed in CpG3-MDM. Finally, two relevant genes for 
innate immune response, TREM1 and CHUK, were repressed 
solely by CpG2 ODN. 

Protein released in MDM supernatants: We fi nally 
examined the eff ects of CpG ODN-treatment on MDM 
response to MTB infection in terms of protein release in cell 
Supernatants (SNs). A group of four proteins was released 
by infected MDM treated with either of the two CpG ODNs: 
TNF-alpha, IL-8, IL-6 and IL-1RN (Figure 7). Interestingly, 
and somehow unexpectedly, we found that only in the SNs 
of CpG2 ODN-treated MDMs another group of proteins was 
released, most of them being chemokines clustered on 4q and 
17q arms of their respective chromosomes, many of which 
are IL-1B-regulated: CCL1, CCL2, CCL3, CCL4, CCL5, CXCL1, 
CXCL10, CXCL11. CpG2-MDM SN contained also CXCL12, 
G-CSF, GM-CSF, IL-27, PAI1, and, importantly, soluble 
TREM1 (sTREM1), the soluble isoform of the Triggering 
Receptor Expressed on Myeloid cells 1, a potential regulator 
of myeloid activation [35].

Discussion
Our study focused on MTB infection of human MDMs to 

verify whether the treatment with CpG ODN might improve 
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Figure 5 Iron homeostasis gene regulation in human MDM before (upper panel) and after MTB infection (bottom panel), by specifi c primers q-rt RT-PCR. Pre-treated 
CpG ODN MDMs are compared to untreated MDM of the very same donor, while pre-treated and MTB infected MDMs are compared to untreated MTB infected 
MDM of the very same donor. The data represent the mean ± sd of the results obtained from experiments performed on ten different donors, normalized on L34 
gene expression. 
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Figure 6 RT2 profi ler Macroarrays for Innate Immune Response. Total CpG-ODN-treated MDM RNA, from 3 different donors, was reverse-transcribed to cDNA and 
subjected to q-rt RT-PCR specifi c for 83 genes involved in innate response. Genes with fold-regulation higher than 1.9 were considered induced (red), those with 
fold-regulation lower than -1.9 were considered repressed (green), and those comprised between 1.9 and -1.9 were considered unchanged vs. untreated MDMs. 
In the analysis we chose to include only the genes classifi ed as “A” by the software analysis fi le, i.e.: this gene’s average threshold cycle is relatively high (> 30) in 
either the control or the test sample, and is reasonably low in the other sample (< 30). 
HK stays for Housekeeping, i.e. non changing above or below the indicated range of fold-induction.

Figure 7 Protein profi ler array analysis of proteins released in cells SNs by CpG ODN-treated human MDM infected (1x106 cells/treatment) with M. tuberculosis after 
24 hours of infection. The protein array has been performed on 3 different donors and each protein has been detected in duplicate. 

their ability to contain MTB. We tested four newly designed 
CpG ODN (Table 1A) and lastly chose CpG2 and CpG3, which 
gave opposite results in MTB infection containment, in order 
to highlight their diff erent eff ects on intracellular settings 
of cells infected after CpG ODN treatment.

We also confi rmed the same eff ect in a second, 
independent and separate model of bacterial infection 
using S.aureus. CpG2 ODN-treatment of MDMs induced an 
increased containment of both MTB and S.aureus intracellular 
growth, while CpG3 one resulted in increased intracellular 
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CFU of both the pathogens, suggesting that the CpG eff ect is 
independent from the growth rate of the bacteria.

CpG2 motif has already been used in other studies, 
though with diff erent sequence scaff olds, and it has been 
shown to induce ROS production in murine macrophage-
like cell line RAW264.7 [36]. In our study, we inserted the 
CpG2 motif in diff erent fl anking region and phosphodiester 
backbone. Diff erently, as far as we know, the CpG3 motif was 
never employed to stimulate human MDM.

Of note, CpG3 motif, when inserted in the “wrong” 
fl anking sequence, i.e. the reverse complement of the initial 
one, loses almost completely its potent pro-infl ammatory 
eff ect, while this is not true for all the other three CpG 
ODNs. As previously demonstrated, the acidifi cation, both 
endosomal and intracellular, is required for the CpG DNA-
mediated leukocyte activation and is coupled to the rapid 
generation of ROS [9]. 

In agreement with these fi nding, we were able to 
demonstrate that both CpG2-ODN and CpG3-ODN induced 
a signifi cant decrease of ipH in human MDMs while the 
increase of ROS production are induced only by CpG3 ODN 
treatment.

CpG2 ODN induced only a slight increase of ROS production 
in human MDMs. Conversely, we observed a fi ve-fold higher 
ROS production induced by CpG3 ODN, associated with an 
increased MTB intracellular growth. This is in agreement 
with the previous demonstration that an uncontrolled 
oxidative burst following infection is detrimental for human 
phagocytes [37] and might produce favourable results for 
intracellular pathogens. The production of ROS following 
MTB infection, not damaging per se, has to be accurately 
kept under control by the activated MDM. As a matter of fact, 
when we treated MDM with CpG2-ODN and then inhibited 
ROS production with DPI (the inhibitor of gp91phox), we got 
a higher MTB growth. On the other hand, when we did the 
same in CpG3 ODN-MDM, we got a signifi cant MTB growth 
reduction. 

We could then draw the conclusion that the slight ROS 
increase induced by CpG2 ODN is necessary and possibly, 
in the correct intracellular milieu, suffi  cient to aff ect MTB 
intracellular growth, while the abundant ROS production 
induced by CpG3 ODN might eventually trigger an 
uncontrolled oxidative burst in infected MDMs damaging 
the cells and possibly favouring MTB intracellular growth. 
It is well established that the growth and pathogenicity of 
MTB is strong linked on a suffi  cient supply of iron [38]. 
Mycobacteria are able to acquire iron through multiple 
avenues including: the acquisition of the metal from 
transferrin, by directly binding iron-loaded transferrin via 
specifi c receptors, by uptake of cytoplasmic iron or heme 
iron, by the production of siderophores.

In this respect, we found that treatment with CpG3-

ODN increased the amount of labile, or ferrous iron in 
MDM, while CpG2 ODN-MDM did not diff er from controls. 
Iron is an essential component in cellular metabolism of 
both eukaryotic and prokaryotic cells. During the course of 
infection host cells and intracellular pathogens compete 
for its availability, which may determine the outcome of 
macrophages infection by pathogens like MTB.

The iron homeostasis is tightly controlled by a number 
of genes, and there is now a reasonable agreement on the 
fact that iron traffi  cking and metabolism contribute to 
macrophages polarised phenotype. It is also well documented 
that, in presence of ROS, ferrous Iron contributes to increase 
the oxidative burst of the cells by the Fenton’s reaction [39].

We therefore evaluated the expression of genes involved 
in iron metabolism to highlight the existence of possibly 
induced iron retention/release phenotypes. Firstly, we 
estimated the expression level of the genes TfR1, Nramp1, 
HMOX1, FerrH and Fp one hour after CpG ODN treatment, in 
order to probe the intracellular milieu found by the pathogen 
upon entry in MDM. We then repeated the measurement 24 
hours after MTB infection, to describe the complex interplay 
between MDM and intracellular MTB during the infection. 
Our results showed that CpG2-ODN pre-treatment induced 
an Iron retention phenotype, while CpG3 ODN triggered an 
Iron release one [39]. In particular two genes, namely HOX1 
and Nramp1, appeared to be tightly regulated by CpG2 ODN 
in MTB infection. Nramp1, a divalent cation/H+ antiport 
membrane protein, might had either deprived the intra-
phagosomal MTB of iron, or removed the free Iron from 
cytosol and transported it in the phagolysosome to kill MTB 
with the Fenton’s reaction products (as it could be suggested 
by the steady state LIP in CpG2-MDM), in both cases helping 
the mycobactericidal activity of MDMs.

HMOX-1 is an inducible immunomodulatory [40] and 
cytoprotective enzyme [41] whose fundamental purpose is 
the degradation of Heme to biliverdin, Carbon Monoxide 
(CO), both of them anti-oxidants, and free iron [42]. Wegiel 
recently proposed that when CO is endogenously produced 
by HMOX-1, it acts as a key mediator of host defence used 
by the macrophages [43]. The strong induction of HMOX-1 
following MTB infection of MDM was observed exclusively 
after CpG2 ODN treatment and we suppose that it could 
have enhanced the cells capacity to kill MTB. In this respect, 
HMOX-1 expression in MTB-infected macrophages has 
been already shown in mice [44] and an important role for 
HMOX-1 in controlling MTB in human macrophages has 
been recently proposed [45]. At the same time, HMOX-1 
expression in MTB-infected CpG2-pre-treated MDM might 
also have contributed to “dampen” innate response, thus 
exerting its proposed cytoprotective and anti-infl ammatory 
action [46]. 

Further investigations on Nramp1 and HOX-1 modulation 
of iron metabolism role in innate MDM response vs. MTB 
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infection might provide useful information to possibly 
exploit the so called “nutritional immunity” of the host in 
the battle for iron with intracellular pathogens.

In innate immunity, while it is clearly established 
that CpG motifs play a PAMP role, we wondered whether 
they might also play a DAMP signal, being hypothetically 
present in mitochondrial DNA. It was hypothesized that 
mitochondria probably evolved from a bacterial ancestor 
establishing a symbiotic relationship with its host cell and, 
in this regard, mitochondrial DAMPs (or mDAMPs) can 
be viewed as intermediate entities between DAMPs and 
PAMPs [47]. Evidence is accumulating that TLR9 not only 
recognizes CpG motifs in bacterial DNA but also similar 
motifs in vertebrate DNA. In this respect, the same receptor 
recognizes PAMP and DAMP, which follows the concept that 
the immune system is more concerned with entities that do 
damage than those that are foreign [48]. 

Since CpG2 sequence is found both in MTB and human 
mitochondrial DNA (not shown), it could hypothetically 
work, at the same time, as a PAMP and a DAMP signal for 
human MDM, therefore constituting a double signal of 
activation. On the contrary, CpG3 motif, mostly absent in 
human mitochondrial DNA, but well represented in MTB 
genome, stimulates human MDM as a classical PAMP, 
inducing ROS production and iron release, possibly due to 
the oxidative burst damage of Ferritin-stored Iron. 

A very important issue regarding human innate 
immunity is how to obtain the best response from the host’s 
cells, in terms of accurate phasing and timing of responses to 
DAMPs or PAMPs, in order to avoid the detrimental burden 
of infl ammation while, instead, being able to contain either 
tissue damage or bacterial infection [49]. Therefore, it is 
tempting to speculate that CpG2-ODN would prompt MDM 
to react more appropriately to two signals: it is necessary to 
face an intracellular infection (PAMP) and a tissue damage 
(DAMP). In this way the treated cells would be equipped 
with a rapid and intense response to MTB entry (as provided 
by NCLC4 infl ammasome activation and TRAF6 signalling 
induction before MTB entry, and, afterwards, by an 
orchestrated array of cytokines and chemokines), but always 
keeping under control oxidative burst and infl ammatory 
response intensity.

In this scenario the CpG2-mediated down-regulation 
of TREM1, and the subsequent release of soluble TREM1 
(sTREM1), after MTB infection, could have played a 
regulatory role, together with PAI1 release, and restored 
homeostasis in cells, as described by a comprehensive 
insight review on the several control points in infl ammation 
[49]. 

TREM1 is a DAP12 associated receptor, which is up-
regulated in response to LPS-mediated TLR4 activation, 
and plays an essential role in innate immune response 

by augmenting the production of pro-infl ammatory 
chemokines and cytokines, while its soluble form (sTREM-1) 
exerts anti-infl ammatory eff ects [50].

PAI1 is the plasminogen activator inhibitor 1 and hence 
is an inhibitor of fi brinolysis and ECM degradation in the 
MDM surroundings. Of note, it has been recently reported 
that molecules of the fi brinolytic system are up-regulated 
in the chronic phase of experimental tuberculosis and it 
was suggested that the mycobacterium itself could play an 
important role in the over expression of molecules of the 
fi brinolytic system, contributing to chronic infl ammation 
in tuberculosis [51]. Moreover, PAI1 has been also described 
to be an iron-responsive protein, in a study in which the 
authors evidenced a dose-dependent increase in PAI-1 
antigen levels expressed in cells treated with deferoxamine, 
an iron chelator. 

At MTB entry in CpG3 ODN-MDM, the pathogen fi nds an 
intracellular milieu rich of the metabolically active Ferrous 
Iron, further increased by the Fenton’s reaction triggered by 
ROS production, which facilitates its intracellular growth. 
In such a scenario, the induction of PPBP, generating 
infl ammation (glycolysis, intracellular cAMP accumulation, 
prostaglandin E2 secretion, and synthesis of hyaluronic 
acid http://www.genecards.org), does not help the MDM 
to kill intracellular MTB. The other gene induced by CpG3 
ODN, IL36RN, is a highly and specifi c antagonist of the IL-1 
receptor-related protein 2/IL1RL2-mediated response to 
interleukin IL36G and IL-1B (http://www.genecards.org). 
IL-1 is not only triggered by infectious danger signals but also 
by danger signals released from metabolically 'stressed' or 
even dying cells. CpG3 ODN represses in MDM the IL1-B and 
IL-1R2 expression and inhibits their signalling by IL36-RN, 
therefore inhibiting the danger signals to pre-activate the 
cells. Together with TRAF6 down regulation such a pattern 
depicts a human MDM phenotype not only characterised by 
an uncontrolled oxidative burst but also characterised by 
an incomplete infl ammatory response, which is unable to 
mount a rapid and protective mycobactericidal response. 

As opposite, CpG2 ODN immediately triggers a fully 
activated MDM phenotype, able to keep under strict control 
ROS, free Iron and ECM degradation, and, perhaps just 
for this reason, these MDMs end up with well equipped 
mycobactericidal power. 

The possibility to include the new identifi ed 
phosphodiester CpG ODN in delivery system, overcoming 
the intracellular degradation, improving the cellular uptake 
and delivering the CpG to the target tissue, make them an 
interesting candidate for future clinical application.
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