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Tuberculosis remains one of the top three leading causes of morbidity and mortality worldwide, complicated by the emergence
of drug-resistant Mycobacterium tuberculosis strains and high rates of HIV coinfection. It is important to develop new antimy-
cobacterial drugs and immunomodulatory therapeutics and compounds that enhance antituberculous immunity. Dipterinyl
calcium pentahydrate (DCP), a calcium-complexed pterin compound, has previously been shown to inhibit human breast cancer
cells and hepatitis B virus (HBV). DCP inhibitory effects were attributed to induction of apoptosis and/or increased production
of interleukin 12 (IL-12) and granulocyte-macrophage colony-stimulating factor (GM-CSF). In this study, we tested the ability of
DCP to mediate inhibition of intracellular mycobacteria within human monocytes. DCP treatment of infected monocytes re-
sulted in a significant reduction in viability of intracellular but not extracellular Mycobacterium bovis BCG. The antimicrobial
activity of DCP was comparable to that of pyrazinamide (PZA), one of the first-line antituberculosis drugs currently used. DCP
potentiated monocyte antimycobacterial activity by induction of the cysteine-cysteine (C-C) chemokine macrophage inflamma-
tory protein 1� (MIP-1�) and inducible nitric oxide synthase 2. Addition of human anti-MIP-1� neutralizing antibody or a spe-
cific inhibitor of the L-arginase-nitric oxide pathway (NG-monomethyl L-arginine [L-NMMA] monoacetate) reversed the inhibi-
tory effects of DCP on intracellular mycobacterial growth. These findings indicate that DCP induced mycobacterial killing via
MIP-1�- and nitric oxide-dependent effects. Hence, DCP acts as an immunoregulatory compound enhancing the antimycobac-
terial activity of human monocytes.

Tuberculosis (TB), caused by Mycobacterium tuberculosis, re-
mains a global health crisis because the disease claims approx-

imately 2 million lives annually, more than any other single bac-
terial disease. The usual route of M. tuberculosis infection is via the
lung, where alveolar macrophages are the primary host targets for
initial pathogen replication. Although innate and adaptive im-
mune responses prevent the development of TB disease in about
90% of those infected, the latent state of M. tuberculosis infection
in these individuals can result in TB reactivation disease when
immunity is compromised, such as after coinfection with human
immunodeficiency virus (HIV) (1–3).

The health burden of TB is exacerbated by the increasing emer-
gence of multidrug-resistant (MDR) and extremely resistant
(XDR) strains of M. tuberculosis (4–7). An estimated 440,000 cases
of MDR-TB were reported to the World Health Organization
(WHO) in 2008. MDR-TB is caused by M. tuberculosis resistant to
at least the two first-line anti-TB drugs, isoniazid (PZA) and ri-
fampin (RIF); XDR-TB is resistant to these two first-line anti-TB
medications as well as any fluoroquinolone and aminoglycoside.
Most recently, M. tuberculosis strains resistant to all currently
available antituberculosis drugs have been reported (8, 9). The
rising prevalence of drug-resistant tuberculosis and association
with the HIV pandemic underscores the need for new antimyco-
bacterial drugs and/or immunomodulatory therapeutics and
compounds that enhance antituberculous immunity.

We employed an in vitro mycobacterial growth inhibition
assay to assess the effects of a calcium-complexed pterin com-
pound called dipterinyl calcium pentahydrate (DCP) on intra-
cellular mycobacterial growth in human monocytes. Pterins

are derivatives of pteridines, natural compounds involved in
the biosynthesis of vitamins and cofactors required for various
enzyme activities, containing a 2-amino-4-oxo heterocyclic
structural backbone. For example, tetrahydrobiopterin (BH4),
synthesized via de novo and salvage pathways from GTP and
7,8-dihydrobiopterin, respectively, is a cofactor of mammalian
nitric oxide (NO) synthases (10–13). Neopterin, a pterin
formed from dihydroneopterin triphosphate in the BH4 bio-
synthesis pathway, increases the inducible isoform of NO syn-
thase (iNOS or NOS2) in rat vascular smooth muscle cells (14).
iNOS catalyzes the production of NO in a variety of mamma-
lian cells by metabolic conversion of L-arginine to L-citruline,
producing reactive nitrogen intermediates (RNI) with impor-
tant microbicidal effects against many human infectious dis-
eases (15–18).

DCP previously has been shown to mediate antitumor and
anti-hepatitis B virus (HBV) effects in mice (19–21). Ca2�-medi-
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ated induction of apoptosis in MDA-MB231 human breast tumor
cells was proposed to be involved in DCP-induced antitumor ef-
fects. Moreover, DCP has immunomodulatory effects in vivo.
DCP treatment of nude mice inoculated with MDA-MB231 tu-
mor cells was shown to induce significant increases in plasma
interleukin 12 (IL-12) (22). The anti-HBV effects of DCP were
associated with increased granulocyte-macrophage colony-stim-
ulating factor (GM-CSF) levels (19). Both IL-12 and GM-CSF,
produced by a myriad of activated immune cell types, are impor-
tant immunomodulators leading to the expansion and matura-
tion of dendritic cells, differentiation of monocytes into macro-
phages, and increased macrophage activity (23, 24). IL-12 and
GM-CSF are important for the induction of protective TB immu-
nity. Mice lacking IL-12 or GM-CSF are unable to control growth
of M. tuberculosis and succumb to infection (25, 26).

The purpose of the present study was to determine whether
DCP could mediate antimycobacterial effects through either di-
rect or immunomodulatory mechanisms similar to those associ-
ated with its antitumor and anti-HBV activities. We report herein
that DCP significantly inhibited intracellular mycobacterial
growth in human monocytes by enhancing production of the cys-
teine-cysteine (C-C) chemokine macrophage inflammatory pro-
tein 1� (MIP-1�) and the iNOS-NO effector pathway.

MATERIALS AND METHODS
Dipterinyl calcium pentahydrate and anti-TB drugs. DCP
(C6H4N5O)2Ca · 5H2O; molecular weight [MW], 454.4) was obtained
from SanRx Pharmaceuticals, Inc., La Jolla, CA. It is a yellowish com-
pound synthesized by mixing calcium and pterin, as previously described
(20). Briefly, pure pterin, a derivative of pteridine with a 2-amino-4-oxo
structure, was dissolved in distilled H2O and 0.1 N sodium hydroxide and
CaCl2 · 2H2O was added, with constant stirring. The resulting yellowish
precipitate was collected and dried. The molecular and X-ray crystallo-
graphic structures of DCP were reported previously (19, 20). The DCP
suspension used in this study was prepared by suspending the compound
in endotoxin-free deionized and distilled water (Lonza BioWhittaker; 17-
724Q) and stored at �80°C until required for use in experiments.

The anti-TB drugs PZA (Sigma; P7136) and RIF (Sigma; R8883) were
purchased from Sigma-Aldrich (St. Louis, MO).

Media and reagents. Antibiotic-free RPMI 1640 (Gibco 11875) sup-
plemented with 10% heat-inactivated human AB serum (Sigma; H4522)
and 1% L-glutamine (Lonza BioWhittaker; 17-605E) (designated com-
plete RPMI 1640 medium) was used for cell culture and dilution of stock
DCP, PZA, and RIF for treatment of Mycobacterium bovis BCG- or M.
tuberculosis H37Rv-infected monocytes. Anti-human MIP-1� (ab10381),
anti-human MIP-1� (ab9675), and anti-human RANTES (ab9679) were
obtained from Abcam Inc., Cambridge, MA, and used at concentrations
previously shown to neutralize the bioactivities of MIP-1�/CCL3, MIP-
1�/CCL4, and RANTES/CCL5, respectively. Rabbit polyclonal IgG
(ab27478) was used as a control antibody. Anti-human gamma interferon
(IFN-�) (BD Biosciences 551221; clone NIB42) and anti-human tumor
necrosis factor alpha (TNF-�) (BD Biosciences 551220; clone MAb1)
were used to neutralize the bioactivity of IFN-� and TNF-�, respectively.
NG-monomethyl L-arginine (L-NMMA) monoacetate was purchased
from Enzo Life Sciences (Plymouth Meeting, PA). Mycobacterium bovis
BCG Connaught strain (ATCC 35745; TMC 1030) was grown in suspen-
sion with constant gentle rotation in roller bottles containing Middle-
brook 7H9 broth (BD Difco; 271310) supplemented with 10% Middle-
brook albumin, dextrose, and catalase (ADC) enrichment (BD
Biosciences; 211887) and 0.05% Tween 80 (Sigma-Aldrich). When the
bacterial density reached log-phase growth, mycobacteria were harvested
and stored in phosphate-buffered saline (PBS) at �80°C. The concentra-
tion, expressed as CFU/ml, was quantified on Middlebrook 7H10 agar

(BD Difco; 262710) plates. M. tuberculosis H37Rv (catalog number NR-
123) was obtained from BEI Resources, Manassas, VA. Before being used
for infection, bacteria were thawed and sonicated for l min in a cup son-
icator (W385; Heat Systems Ultrasonics, Farmingdale, NY) to obtain a
single-cell suspension and diluted appropriately in antibiotic-free com-
plete RPMI 1640 medium.

Isolation of PBMCs and monocytes. Human peripheral blood mono-
nuclear cells (PBMCs) were obtained from healthy tuberculin skin test-
negative donors by leukapheresis. Monocytes were purified from PBMCs
by plastic adherence based on the unique adhesion properties of mono-
cytes/macrophages among PBMC populations (27–29). Briefly, 1.5 � 105

or 1.5 � 106 PBMCs were plated in each well of 96-well round-bottom
microtiter plates (Corning Inc.; Costar 3799). Nonadherent cells were
washed off with complete RMPI 1640 medium after 2 h or overnight
incubation at 37°C and 5% CO2. In general, approximately 10% of the
initial number of PBMCs plated were retained as adherent monocytes
(�90% CD14� [data not shown]), which were then cultured for one
more day before infection with M. bovis BCG or M. tuberculosis H37Rv.

Preparation of murine BM-derived macrophages. Bone marrow
(BM) cells were isolated from femora of wild-type C57BL/6J mice (The
Jackson Laboratory, Bar Harbor, ME). To generate BM-derived macro-
phages (BMDM�), BM cells (2.5 � 104 cells/well) were cultured in 10%
fetal bovine serum–Dulbecco modified Eagle medium (FBS-DMEM)
(D10 medium) for 7 days with 20 ng/ml murine recombinant M-CSF
(PeproTech; 315-02). After 7 days of culture, BMDM� formed a conflu-
ent monolayer, and the density of M� was estimated to be 2.5 � 105 cells
per well in 96-well plates (Corning Inc.; Costar 3595). BMDM� were
infected with M. bovis BCG Connaught strain at a multiplicity of infection
(MOI) of 3:1 (bacteria/BMDM�) in antibiotic-free D10 medium at 37°C
in 5% CO2. After overnight culture, infected BMDM� were washed with
antibiotic-free D10 medium to remove the extracellular M. bovis BCG
before treatment with DCP.

Assay of DCP-mediated inhibition of intracellular mycobacterial
growth. Two different concentrations of adherent human monocytes
were used (	1.5 � 104 and 	1.5 � 105/well in 96-well plates, designated
low and high density, respectively). The assay was performed, with slight
modifications, as previously described (29–31). The lower-density adher-
ent monocytes were used in most experiments to assess the inhibitory
effects of DCP. The higher-density adherent monocytes were used in
some inhibition assays as well as in experiments harvesting total cellular
RNA to investigate the molecular mechanisms involved in DCP-mediated
inhibition of intracellular mycobacteria. Briefly, adherent monocytes
were used at day 2 after in vitro culture in 96-well, round-bottom plates
(Corning Inc.; Costar 3799). Monocytes were infected overnight with
mycobacteria at an MOI of 0.3 or 3, and then extracellular bacilli were
washed away. Infected cells were treated or not with DCP or control an-
ti-TB drugs at 37°C and 5% CO2 for 72 h.

Determination of viable residual intracellular mycobacteria. Fol-
lowing the 3 days of various treatments, monocytes were lysed with a final
concentration of 0.2% saponin (Sigma S7900) in RPMI 1640 medium.
After cell lysis, 1 
Ci [5,6-3H]uridine (PerkinElmer Wallac Inc., Boston,
MA; catalog number NET-367) in 7H9 Middlebrook broth supplemented
with 10% ADC enrichment medium (BD Biosciences; 211887) was added
per well, and plates were incubated for another 72 h in a 37°C, 5% CO2

incubator. Then BCG cells were harvested onto fiberglass filtermat, 90 by
120 mm (PerkinElmer Wallac Inc.; catalog number 1450-421), using
Tomtec Mach III cell harvester 96 (Tomtec Inc., Hamden, CT). Filtermats
were air dried, and mycobacterial incorporation of the tritiated uridine
was quantified as disintegrations per minute (dpm) in a Microbeta scin-
tillation counter (PerkinElmer Wallac Inc.). Also, 10-fold dilutions of the
lysates were plated in duplicate on Middlebrook 7H10 agar plates. The
numbers of colonies were counted after 3 weeks of incubation at 37°C.
The percentages of mycobacterial growth inhibition were determined us-
ing the following formula: percent inhibition � 100 � [100 � (dpm or
CFU in the DCP-treated cultures/dpm or CFU in the untreated cultures)].
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BD cytometric bead array assay. Macrophage inflammatory protein
1� (MIP-1�; also known as CCL3), MIP-1� (also known as CCL4), reg-
ulated upon activation of normal T cell expressed and secreted protein
(RANTES; also known as CCL5), IFN-�-inducible 10-kDa protein (IP-10;
also known as CXCL10), and monokine induced by IFN-� (MIG; also
known as CXCL9) were simultaneously quantified in each sample with
the cytokine bead array (CBA) human soluble protein flex set (IP-10,
number 558280; MIG, number 558286; MIP-1�, number 558325; MIP-
1�, number 558288; and RANTES, number 558324; BD Biosciences) ac-
cording to the manufacturer’s procedure. Incubation time was 3 h. The
fluorescence intensity of CBA beads was measured on a FACSCalibur flow
cytometer (BD Biosciences) and analyzed with FCAP Array software (32).

Total cellular RNA isolation and quantitative reverse transcription-
PCR (RT-PCR). Total RNA from human monocytes that had been left
uninfected and untreated, left uninfected and treated with DCP, infected
with M. bovis BCG alone, and infected with M. bovis BCG and treated with
DCP were isolated using an RNeasy Plus minikit with genomic DNA
(gDNA) eliminator columns (Qiagen; 74134) according to the manufac-
turer’s instructions. The quantity of RNA obtained was assessed using a
NanoDrop ND-2000 instrument (Nano Technologies). Fifty nanograms
of total RNA was reverse transcribed using a high-capacity cDNA reverse
transcription kit (Applied Biosystems; catalog number 4374966) accord-
ing to the manufacturer’s instructions. The specific cDNAs were amplified
with NOS2 (Hs00167248_m1), indoleamine 2,3-dioxygenase 1 (IDO1)
(Hs00984148_m1), and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (Hs99999905_m1) TaqMan gene expression assays in a 7500
Plus real-time PCR system (Applied Biosystems). The reactions were per-
formed using the following conditions: an initial single cycle of 50°C for 2
min, followed by 95°C for 10 min, and then 45 cycles of 95°C for 15 s,
followed by 60°C for 1 min. The relative level of mRNA expression, nor-
malized against GAPDH, was calculated by the threshold cycle (2���CT)
method (33, 34).

Measurement of NO production in murine macrophages. Concen-
trations of nitrite (NO2

�) produced by DCP-treated, BCG-infected mu-
rine BMDM� were measured by using the Griess reagent system (part
number TB229; Promega Corporation, Madison, WI). A serially diluted
sodium NO2

� standard (0 to 100 
M) was used to generate a standard
curve to quantify the amount of NO2

� in culture supernatants according
to the manufacturer’s protocol (35, 36). Cell-free medium was used as a
blank for the assay.

Statistical analysis. Statistical analyses of experimental data, employ-
ing nonparametric tests as indicated below, were performed using Graph-
Pad Prism (GraphPad Software, San Diego, CA). For unpaired and paired
comparisons, Mann-Whitney U tests and Wilcoxon matched-pairs
signed-rank tests, respectively, were applied.

RESULTS
DCP-mediated inhibition of intracellular mycobacteria in hu-
man monocytes. We first determined the ability of DCP to inhibit
the growth of M. bovis BCG within human monocytes as noted in
Materials and Methods. As shown in Fig. 1A, DCP inhibited in-
tracellular M. bovis BCG growth in a dose-dependent manner.
DCP treatment at 1,600 
M was able to suppress growth of intra-
cellular M. bovis BCG by 72.65% 
 5.52% compared with the
untreated control cultures. We then compared the in vitro activity
of DCP with two routinely used first-line anti-TB drugs, RIF and
PZA, which were used at achievable serum concentrations of 10

g/ml and 50 
g/ml, respectively (Fig. 1B and C). The antimicro-
bial activity of DCP was comparable to that of PZA. As expected,
RIF showed greater activity than PZA, inhibiting growth of intra-
cellular BCG by 99% 
 0.05%.

We previously observed that the density of macrophage culture
conditions can influence their abilities to support and/or control
intracellular mycobacterial growth (29). Therefore, we next stud-

ied whether DCP could induce macrophages to inhibit intracellu-
lar mycobacterial growth when cultured at a 10-fold-lower den-
sity. Figure 2 clearly confirms that DCP can induce inhibition of
intracellular mycobacteria within human monocytes plated at
suboptimal densities, suggesting that DCP could have antimyco-
bacterial effects under various physiologic conditions encoun-
tered in vivo.

DCP does not have cytolytic effects on macrophages or my-
cobacteria. To rule out the possibility that the observed mycobac-
terial inhibitory activity of DCP was the result of direct lytic effects
on human monocytes, we cultured adherent cells in the presence
or absence of DCP. After 3 days of incubation, cells were gently
detached, and viable cells were counted using 0.4% (wt/vol)
trypan blue solution. Data shown in Table 1 and Fig. 3A demon-
strate that similar cell numbers were recovered from cultures in
wells with and without DCP. Therefore, the inhibition of intracel-
lular mycobacteria was not simply due to a direct cytolytic effect of
DCP on human monocytes.

To determine whether DCP possessed any direct inhibitory
effects on mycobacteria, we studied the effects of DCP on extra-
cellular BCG. BCG was incubated in 100 
l Middlebrook 7H9
broth media with or without DCP at 37°C for 3 days. Residual
viable BCG bacilli were estimated by incorporation of tritiated-
uridine. As demonstrated in Fig. 3B, similar amounts of bacilli
survived in cultures with or without DCP for 72 h, indicating that
DCP did not have direct effects on mycobacterial replication.
These data confirm that the antimycobacterial inhibitory effects of
DCP observed in the intracellular mycobacterial-growth inhibi-

FIG 1 DCP mediates inhibition of intracellular mycobacteria growth in a
dose-dependent manner. PBMCs were plated at a density of 1.5 � 106 cells per
well in round-bottom 96-well plates and incubated overnight at 37°C. After
overnight incubation, nonadherent cells were washed off, and the enriched
monocytes (	1.5 � 105 cells/well or 	10% of the initial PBMC numbers �
high monocyte density) were cultured for one more day before infection with
BCG at a multiplicity of infection of 3 bacteria/cell. Extracellular BCG was
washed off, and infected cells were treated with DCP at the indicated doses, 50

g/ml PZA, or 10 
g/ml RIF for 72 h. Data are percent inhibition of intracel-
lular BCG growth calculated as described in Materials and Methods. (A) Treat-
ment with the highest dose of DCP resulted in �70% decreases in viability of
intracellular mycobacteria. (B and C) Activity of DCP compared with current
anti-TB drugs, PZA and RIF. Data shown are means 
 standard errors of the
means of results obtained with monocytes from 4 different volunteers. P values
were obtained by using Mann-Whitney U tests.
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tion assays shown in Fig. 1 and 2 were due to enhancement of
macrophage microbicidal activities which resulted in better con-
trol of intracellular mycobacterial growth.

DCP enhances C-C chemokine MIP-1� production by my-
cobacterium-infected monocytes. Monocytes and macrophages
are endowed with microbicidal effector programs, which are acti-
vated through receptors upon recognition of danger signals. These
specialized effector programs establish an intracellular environ-
ment that limits survival of invading microbes. Infection of mac-
rophages with M. tuberculosis or M. bovis BCG induces release of
effector proteins, including proinflammatory and anti-inflamma-
tory cytokines, chemokines with autocrine activating and chemot-

actic effects, reactive oxygen species, and RNI (17, 18, 37–39). We
first sought to determine whether treatment of M. bovis BCG-
infected human monocytes with DCP could enhance the produc-
tion of proinflammatory cytokines and chemokines. We analyzed
the secretion of human IL-1�, TNF-�, IL-12p70, IFN-�, GM-
CSF, IL-6, and IL-17A, which activate intracellular microbicidal
activities of monocytes/macrophages and other cells or inhibit the
anti-inflammatory cytokine IL-10. As measured by CBA, the
above cytokines were not detected in the supernatants of myco-
bacterium-infected monocytes after treatment with DCP (data
not shown).

Both M. tuberculosis and M. bovis BCG can stimulate human
monocytes and macrophages to produce cysteine-cysteine (C-C)
family chemokines, including monocyte chemotactic protein-1
(MCP-1), RANTES, MIP-1�, and MIP-1� (40–42). In addition,
the C-X-C chemokines IP-10 and MIG are involved in IFN-�-
induced responses important for mycobacterial immunity (43–
45). Based on these reports, we next investigated the levels of these
C-C and C-X-C chemokines by CBA in the same culture superna-
tants as used (see above) to study cytokine responses. Shown in
Fig. 4A to E are the amounts of chemokines produced by infected
monocytes treated with DCP or not. BCG infection alone induced
monocytes to produce IP-10, MIG, RANTES, and MIP-1� but not
MIP-1� (Fig. 4A to E). In contrast, treatment of infected mono-
cytes with DCP suppressed the synthesis of IP-10 and MIG (Fig.
4A and B) but did not affect production of RANTES or MIP-1�
(Fig. 4C and D). Importantly, MIP-1� was significantly increased
following DCP treatment of BCG-infected monocytes. These re-
sults suggested that DCP-induced MIP-1� may be uniquely im-
portant for the mycobacterial inhibitory effects observed in Fig. 1
and 2.

We next examined the functional impact of MIP-1� in DCP-

FIG 2 DCP inhibits intracellular mycobacterial growth in monocytes grown
at lower densities. PBMCs from 6 different volunteers were plated at a density
of 1.5 � 105 cells per well in a 96-well plate and incubated overnight at 37°C in
a 5% CO2 incubator. After overnight incubation, nonadherent cells were
washed off, and the enriched monocytes (	1.5 � 104 cells/well or 	10% of the
initial PBMC numbers � low monocyte density) were cultured for one more
day before infection with BCG at a multiplicity of infection of 0.3 bacteria/cell.
Extracellular (nonphagocytosed) bacilli were washed off, and infected cells
were treated with 1,600 
M DCP for 72 h. Data shown are percent inhibition
of intracellular M. bovis BCG growth derived from two separate experiments:
experiment 1 (A) and experiment 2 (B). P values were obtained by using
Mann-Whitney U tests.

TABLE 1 Determination of cell viability in cultures with and without
DCP

Volunteer and well
no.

No. of viable cells after incubation with:

Complete RPMI
medium DCP (1,600 
M)

Volunteer 1
Well 1 2.40 � 104 1.20 � 104

Well 2 1.80 � 104 1.20 � 104

Well 3 1.80 � 104 1.80 � 104

Well 4 0.60 � 104 1.20 � 104

Mean 
 SEM (�104) 1.65 
 0.38 1.35 
 0.15a

Volunteer 2
Well 1 1.80 � 104 1.80 � 104

Well 2 0.60 � 104 4.80 � 104

Well 3 4.20 � 104 3.00 � 104

Well 4 1.80 � 104 2.40 � 104

Mean 
 SEM (�104) 2.10 
 0.76 3.00 
 0.65a

a Not significantly different from value for control group; P � 0.49 (Student t test).

FIG 3 DCP has no cytolytic effect on monocytes and no direct inhibitory
effect on mycobacteria. (A) Monocytes (	1.5 � 104 cells/well or 	10% of the
initial PBMC numbers), enriched by plastic overnight adherence in round-
bottom 96-well plates (Table 1), were incubated with antibiotic-free complete
RPMI medium alone or with 1,600 
M DCP for 72 h. At the end of 3 days, cells
were gently detached from wells using a 1:1 mixture of 10 mM EDTA in PBS
(pH 7.4) and RPMI 1640 medium containing 20% FBS. The cell viability was
determined by using 0.4% trypan blue exclusion. Data shown are absolute
numbers of viable cells recovered after incubation with medium alone or DCP.
There were no differences in the mean cell numbers cultured with and without
DCP, indicating that DCP did not have cytolytic effects on monocytes during
the 72-h treatment duration. Each bar represents the mean of two different
volunteers (P � 0.7792; t test). (B) A total of 450,000 CFU of BCG was cultured
in cell-free Middlebrook 7H9 broth in the absence or presence of DCP (1,600

M) in round-bottom 96-well plates for 3 days. On day 3, BCG was pulsed
with [3H]uridine for 3 more days, and incorporation of tritiated uridine was
measured. Data shown are averages of disintegrations per minute obtained
from 4 separate experiments. There was no difference in the quantity of BCG in
cultures with and without DCP. Each bar represents the mean of 4 separate
experiments (P � 0.2000; Mann-Whitney U test). n.s., not significant.
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mediated inhibition of intracellular mycobacteria. Mycobacteri-
um-infected monocytes were treated with DCP in the presence or
absence of neutralizing anti-MIP-1� antibody, and the effects on
intracellular mycobacterial growth were compared. Figure 4F
shows that the ability of DCP-treated monocytes to inhibit intra-
cellular mycobacterial growth was prevented by anti-MIP-1� an-
tibody. Thus, the antimycobacterial activity of DCP treatment re-
quired the production of the C-C chemokine MIP-1�. It is

important to note that blockade of MIP-1� induced by BCG in-
fection alone did not affect intracellular mycobacterial growth
(Fig. 4G and 4H). The latter results suggest either (i) that the
higher levels of MIP-1� induced by DCP treatment are required
for mycobacterial inhibitory effects or (ii) that although MIP-1� is
required for DCP-mediated inhibitory effects, additional factors
induced by DCP are necessary as well.

DCP enhances induction of iNOS expression by mycobacte-
rium-infected monocytes. We next considered the possibility
that the endogenously produced MIP-1� could be involved in the
induction of iNOS, previously shown to be an important antimy-
cobacterial effector response that produces microbicidal NO (18).
Villalta et al. (46) and Aliberti and colleagues (47) demonstrated
that C-C chemokines could induce NO production in human
macrophages infected with Trypanosoma cruzi, with trypanocidal
effects. We found that neutralization of IFN-� and TNF-�, cyto-
kines commonly involved in iNOS induction, did not affect the
DCP-induced inhibition of intracellular mycobacteria (data not
shown). In addition, we were unable to detect DCP-mediated in-
duction of NO by Griess reaction or iNOS protein by Western
blotting in human macrophages (data not shown). However, mul-
tiple authors have shown that these endpoints are difficult to mea-
sure in cultures of human monocytes/macrophages (48, 49).
Therefore, we next evaluated iNOS mRNA expression using real-
time RT-PCR as described in Materials and Methods. Figure 5A
illustrates the expression levels of iNOS mRNA in uninfected or
BCG-infected human monocytes before and after treatment with
DCP. In both uninfected and infected monocytes, DCP induced
increased production of iNOS mRNA. In addition, DCP induced
significantly higher levels of iNOS in mycobacterium-infected
monocytes than in uninfected monocytes. Murine BMDM� were
used to directly demonstrate that DCP induces NO production
(Fig. 5B).

Because MIP-1� was shown (see above) to be important for
DCP-induced intracellular inhibition of mycobacterial growth,
we next examined the effect of addition of anti-MIP-1� on NOS2
induction in infected monocytes. BCG-infected monocytes were
treated with DCP or not in the presence of anti-MIP-1� neutral-
izing antibody or control rabbit polyclonal IgG, and iNOS mRNA
was measured by real-time RT-PCR. Blocking endogenous MIP-
1�, which was enhanced in the presence of DCP (Fig. 4E), signif-
icantly reduced DCP-mediated iNOS induction (Fig. 5C). These
data indicate that MIP-1� produced by DCP-treated infected
monocytes is involved in the induction of iNOS and are in agree-
ment with previous reports that MIP-1� activates human macro-
phages to inhibit intracellular pathogens via the iNOS-NO path-
way (42, 46, 47).

To confirm a role for the iNOS-NO effector pathway in DCP-
mediated inhibition of intracellular mycobacteria, we assessed the
functional significance of increased iNOS mRNA expression by
inhibiting NO production with L-NMMA (50). As shown in Fig.
6A, L-NMMA significantly inhibited the antimycobacterial effect
of DCP, confirming the role for NO in DCP-mediated inhibitory
activity in human monocytes. The results of a second experiment
are shown in Fig. 6B (uptake of tritiated uridine) and Fig. 6C (CFU
counts). L-NMMA reversed the antimycobacterial activity of DCP
treatment as measured by both the tritiated-uridine and CFU end-
points. The latter results also demonstrate that L-NMMA had no
effect on mycobacterial growth in monocytes not treated with

FIG 4 DCP enhances MIP-1� production by mycobacterium-infected mono-
cytes. Monocytes, enriched from PBMCs through plastic adherence (	1.5 �
104 cells/well or 	10% of the initial PBMC numbers), were infected overnight
with BCG (MOI � 0.3). Extracellular bacteria were gently washed off, and
BCG-infected cells were treated with 1,600 
M DCP for 72 h at 37°C. After 72
h of culture, supernatants were collected and quantities of IP-10 (A; P �
0.0043), MIG (B; P � 0.0022), CCL5 (C; P � 0.9372), MIP-1� (D; P � 0.1823),
and MIP-1� (E; P � 0.0313) were measured using CBA. (F) DCP-mediated
inhibition of intracellular BCG was reversed with 10 
g/ml human anti-
MIP-1� (*, P � 0.0151; **, P � 0.0022). (G and H) Additional experiments
showed that anti-MIP-1� can reverse DCP-mediated inhibition of BCG by
both tritiated-uridine uptake (G) and CFU (H) endpoints, but anti-MIP-1�
had no effects on BCG-infected monocytes not treated with DCP (*, P �
0.0159; **, P � 0.0079). Data shown are means 
 standard errors of the means
of results obtained with monocytes from 6 different volunteers (A to F) and 5
different volunteers (G and H). P values were obtained by using Mann-Whit-
ney U tests.
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DCP, suggesting that infection alone does induce functional iNOS
responses.

Indoleamine 2,3-dioxygenase-1 (IDO1) is induced in macro-
phages and dendritic cells by both IFN-�/signal transducer and
activator of transcription-1 (Stat-1) and lipopolysaccharide
(LPS)/Toll-like receptor signaling pathways (51, 52). It is the main
inducible intracellular enzyme that catabolizes the essential amino
acid L-tryptophan through the kynurenine pathway. L-Trypto-
phan depletion by IDO1 activity has been shown to be an impor-
tant factor for restricting the intracellular growth of pathogens
that depend on exogenous tryptophan, such as Toxoplasma gondii
and mycobacteria (53–55). Therefore, we next investigated
whether growth inhibition of intracellular mycobacteria in DCP-
treated cultures involved increased IDO degradation of L-trypto-
phan and the restriction of this essential amino acid for pathogen
replication. Figure 6D shows that IDO1 mRNA measured by
quantitative RT-PCR was increased by both BCG infection alone
and DCP treatment alone. However, DCP treatment of BCG-in-
fected monocytes inhibited IDO1 mRNA expression compared
with untreated but BCG-infected monocytes. These results dem-
onstrate that the inhibition of intracellular mycobacterial growth
mediated by DCP is caused not by the depletion of L-tryptophan
but rather by the iNOS induction mechanism described above.

Finally, we studied the in vitro effects of DCP on intracellular

growth of virulent M. tuberculosis (H37Rv strain). As shown in
Fig. 7, DCP treatment also significantly reduced the intracellular
growth of virulent M. tuberculosis. These data further suggest that
DCP or other compounds with similar activity could be useful for
treatment of TB infection and/or disease.

DISCUSSION

The increasing incidence of drug-resistant M. tuberculosis strains
has compromised efforts toward both the treatment and preven-
tion of TB (4, 56). The ability of the WHO and its member coun-
tries to control the enormous burden of TB will require the devel-
opment of not only new-generation vaccines but also novel
anti-TB drugs and/or immunomodulatory therapeutics and com-
pounds that can enhance the antituberculosis activity of human
macrophages.

Based on the demonstration that DCP induces protective ef-
fects against tumor growth and hepatitis B virus in vivo (19, 22),
we tested the hypothesis that DCP could exert microbicidal activ-
ity against mycobacteria within infected human monocytes/mac-
rophages. Our study demonstrates that DCP induces a potent in-

FIG 5 DCP enhances iNOS expression in monocytes infected with BCG. (A)
Uninfected or BCG-infected human monocytes (	1.5 � 105 cells/well or
	10% of the initial PBMC numbers � high monocyte density), enriched from
PBMCs through overnight plastic adherence, were cultured with or without
DCP at 37°C. After 12 h of culture, total cellular RNA was isolated and iNOS
mRNA expression measured by quantitative RT-PCR. Data shown are
means 
 standard errors of the means of fold increases in iNOS expression in
monocytes obtained from 6 different volunteers. Significant differences in
mean iNOS mRNA were detected in the following comparisons: uninfected
without DCP versus uninfected with DCP (**, P � 0.0050), uninfected with
DCP versus BCG infected with DCP (*, P � 0.0260), and BCG infected with-
out DCP versus BCG infected with DCP (**, P � 0.0022). (B) Direct evidence
that DCP induces NO production in M. bovis BCG-infected murine BMDM�
(*, P � 0.031). (C) Effects of addition of anti-MIP-1� on iNOS induction in
BCG-infected cells treated with DCP or not (*, P � 0.0158). Rab, rabbit con-
trol antibody. P values were obtained by using the Mann-Whitney U test (A),
Wilcoxon signed-rank test (B), and paired Student t test (C).

FIG 6 iNOS inhibition reverses the DCP-mediated antimycobacterial ef-
fects. (A) The addition of the iNOS inhibitor (L-NMMA monoacetate)
markedly reversed the DCP-mediated inhibition of intracellular M. bovis
BCG growth. **, P � 0.0022 for untreated infected monocytes versus DCP-
treated infected monocytes; **, P � 0.0022 for DCP-treated infected
monocytes versus DCP-treated infected monocytes plus 1 mM L-NMMA
monoacetate. n.s., P � 0.0649. P values were obtained using Mann-Whit-
ney U tests. (B and C) Effects of addition of L-NMMA to infected mono-
cytes without DCP. Monocytes were obtained from PBMCs of 6 different
donors (**, P � 0.0079). (D) Uninfected or BCG-infected human mono-
cytes were cultured with or without DCP at 37°C. After 12 h of culture, total
cellular RNA was isolated and IDO1 mRNA expression measured by real-
time RT-PCR. Data shown are means 
 standard errors of the means of
fold gene expression in monocytes obtained from 6 different volunteers.
DCP moderately induced IDO1 expression in uninfected macrophages. In
vitro infection by M. bovis BCG induced monocytes to express greater
amounts of IDO1, which was suppressed by treatment with DCP. Signifi-
cant differences in mean IDO1 levels were detected in the following com-
parisons: uninfected without DCP versus uninfected with DCP (**, P �
0.0037), uninfected with DCP versus BCG infected without DCP (*, P �
0.0152) and BCG infected without DCP versus BCG infected with DCP (*,
P � 0.0411). P values were obtained using Mann-Whitney U tests.
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hibitory effect against mycobacteria, resulting in a 65 to 75%
decrease in viability of bacilli within human monocytes at 72 h
posttreatment (Fig. 1 and 2). Though the activity of DCP was
lower than that of RIF, DCP and PZA exhibited similar in vitro
activities against intracellular M. bovis BCG (Fig. 1B and C), fur-
ther demonstrating the potential clinical relevance of our work.
PZA is a first-line agent used in combination with isoniazid, RIF,
and ethambutol for short-course (6-month) treatment of drug-
sensitive TB and frequently for MDR-TB (35, 57, 58).

DCP had no lytic effects on mycobacterium-infected macro-
phages (Fig. 3A) and no direct inhibitory effects on mycobacterial
growth (Fig. 3B). Similar numbers of viable monocytes were re-
covered after 3 days of culture in the absence or presence of the
highest doses (1.6 mM) of DCP. Moreover, a possible direct effect
of DCP on mycobacteria was ruled out by culturing extracellular
M. bovis BCG with DCP. These observations demonstrated that
DCP activates the antimycobacterial effector functions of human
macrophages.

The antimicrobial effects of RIF are attributed to its interaction
with and inhibition of the bacterial DNA-dependent �-subunit of
RNA polymerase (59, 60). RIF has bactericidal activity in vitro
against slow-growing and intermittently growing M. tuberculosis.
PZA, an analog of nicotinamide, is a prodrug requiring conver-
sion into its active form, pyrazinoic acid (POA), by the bacterial
pyrazinamidase (61). It is preferentially active against nonrepli-
cating persisting bacilli in vivo during active inflammation. The
biochemical basis for antituberculosis activity of PZA was recently
reported to be the inhibition of trans-translation in M. tuberculosis
(62). Shi and colleagues showed that POA binds ribosomal pro-
tein S1, which is involved in protein translation and the ribosome-
sparing process of trans-translation. Interestingly, PZA does not

act directly on M. bovis because of the lack of a pncA gene in this
species. Therefore, our results further suggest that PZA activates
human macrophages to better control intracellular mycobacteria,
which may explain the clinical observation that PZA seems more
important for the efficacy of the first-line multidrug treatment
regimens than would be predicted based on PZA MICs alone.

Mononuclear phagocytes, including macrophages, play an im-
portant role in innate immunity against M. tuberculosis and there-
fore are considered the first and essential line of defense against TB
(38, 63). Whereas resting monocytes/macrophages fail to control
replication of mycobacteria and other intracellular pathogens, ac-
tivated macrophages can suppress growth of intracellular bacilli.
The suppression of growth is accomplished via various effector
mechanisms, such as biosynthesis of inflammatory cytokines (e.g.,
TNF-� and IL-1�), chemokine-mediated recruitment of neutro-
phils/lymphocytes, activation of intracellular microbicidal activi-
ties, or direct activation of the production of reactive oxygen spe-
cies and/or reactive nitrogen intermediates (NO and/or its
derivatives) (18, 37, 42, 64).

Our results indicate that the impairment of intracellular my-
cobacterial growth observed in human monocytes treated with
DCP can be attributed at least in part to the production of MIP-1�
by infected cells. Neutralization of MIP-1� reversed the DCP-
mediated inhibitory effects on intracellular mycobacteria (Fig.
4F). As illustrated in Fig. 4G and 4H, the microbicidal role of
MIP-1� we observed is in agreement with the findings reported by
Saukkonen and colleagues, who demonstrated that MIP-1� sup-
presses growth of mycobacteria within macrophages (42).

The detailed intracellular signaling pathways by which DCP
induces production of MIP-1� by infected monocytes are un-
known. There are lines of evidence indicating that many of the
processes involved in killing of intracellular mycobacteria are reg-
ulated by Ca2�. For instance, activation of cytokine production
and preformed granule secretion is regulated by Ca2� (65, 66).
Even more relevant to our work, Méndez-Samperio and col-
leagues demonstrated that in vitro, M. bovis BCG stimulates hu-
man monocytes to produce C-C chemokines through mobiliza-
tion of intracellular Ca2� and influx of extracellular Ca2� (40).
Therefore, the mechanism of DCP effects observed in our work
could at least partially involve Ca2� fluxes directly altered by the
Ca2� complexed within DCP. However, further investigations are
required to determine the specific signaling events triggered by
DCP that result in MIP-1� production.

The influence and biological activities of chemokines are wide-
ranging and involve more than simple recruitment of circulating
leukocytes. In addition to their chemotatic role, chemokines can
stimulate a cascade of proinflammatory events, lead to macro-
phage activation, and enhance T-cell activation and proliferation
(67, 68). In human macrophages, C-C chemokines were reported
to induce NO production and killing of Trypanosoma cruzi, an
intracellular parasite and the causative agent of Chagas’ disease
(46). Taking into account the importance of NO as an effector
molecule involved in the control of mycobacteria both in vitro and
in vivo (69, 70), it was of relevance to investigate whether DCP-
induced MIP-1� and/or DCP alone could induce iNOS and thus
production of NO. Quantitative RT-PCR results demonstrated
that DCP can stimulate increased production of iNOS mRNA in
mycobacterium-infected monocytes (Fig. 5A). Additional exper-
iments with murine macrophages confirmed that DCP induced
NO production in mycobacterium-infected macrophages

FIG 7 DCP activity against M. tuberculosis H37Rv. PBMCs were plated at a
density of 1.5 � 106 cells per well in round-bottom 96-well plates and incu-
bated overnight at 37°C. After 2 h of incubation, nonadherent cells were
washed off, and the enriched monocytes (	1.5 � 105 cells/well or 	10% of the
initial PBMC numbers � high monocyte density) were cultured for one more
day before infection with M. tuberculosis H37Rv (Mtb-H37Rv) at a multiplic-
ity of infection of 3 bacteria/cell. Extracellular (nonphogocytosed) bacilli were
washed off, and infected cells were treated with 1,600 
M DCP for 72 h, after
which cultures were lysed and residual bacteria quantitated by determination
of uptake of tritiated uridine and CFU counts. Data shown are percent inhibi-
tion of intracellular mycobacterial growth calculated from uptake of tritiated
uridine (A) and CFU counts (B). Each black square or circle represents an
individual volunteer. P values were obtained by Wilcoxon signed-rank tests.
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(Fig. 5B). We then established that DCP-induced MIP-1� pro-
duction was required for DCP-induced upregulation of the
monocyte/macrophage iNOS pathway by showing that the addi-
tion of anti-MIP-1� antibody prevented induction of iNOS
mRNA by DCP. As shown in Fig. 5C, neutralization of MIP-1�
significantly reduced iNOS mRNA in infected cells treated with
DCP, demonstrating that MIP-1� is involved in the induction of
iNOS.

We confirmed the importance of the iNOS-NO pathway in
DCP-mediated inhibition of intracellular mycobacteria by adding
the L-arginine analogue that serves as an iNOS inhibitor,
L-NMMA monoacetate (50), to DCP-treated infected monocytes.
Figure 6A clearly demonstrates that inhibition of iNOS activity by
L-NMMA prevented the DCP-mediated suppression of intracel-
lular mycobacterial growth. These data verify that DCP induction
of the iNOS-NO effector pathway in human monocytes signifi-
cantly contributes to suppression of intracellular mycobacteria.
The mechanism(s) by which NO and/or RNI kill mycobacteria is
unclear but has been suggested to involve disruption of bacterial
DNA, proteins, signaling, and/or induction of monocyte/macro-
phage apoptosis (15, 71). Furthermore, given that previously re-
ported activities of DCP include the induction of apoptosis (20),
there may be a connection between DCP-mediated NO produc-
tion and apoptosis of infected cells. Since M. tuberculosis promotes
its replication by inhibiting the apoptosis of infected macrophages
(reviewed in reference 72), it would be worth investigating in fu-
ture studies whether apoptosis is restored in mycobacterium-in-
fected cells by DCP treatment.

iNOS is regulated at both the transcriptional and posttran-
scriptional levels by a number of signal transduction pathways and
molecules, such as Jak-1/Stat-�/IRF-1; I�B/nuclear factor kappa B
(NF-�B); enzyme activity cofactors, protein kinases, and phos-
phatases; and tyrosine phosphatases (11, 18, 37). The induction of
iNOS mRNA expression is the main regulatory step controlling
iNOS activity, and the iNOS promoter is activated by multiple
different transcription factors (reviewed in reference 73). Bacterial
LPS, IL-1�, TNF-�, and oxidative stress have been shown to in-
duce iNOS expression by activating the transcription factor NF-
�B. Furthermore, the interaction of C-C chemokines with their
cognate G�i

-protein-coupled receptors can activate phosphatidyl-
inositol 3-kinase (PI3K), which, in turn, stimulates NF-�B pro-
duction and thus can lead to activation of the iNOS promoter
(reviewed in references 73 and 74). Therefore, DCP induction of
MIP-1� may result in both NF-�B and iNOS promoter activation,
important for the observed intracellular inhibitory effects on my-
cobacteria. We have shown that MIP-1� is necessary for the in-
hibitory effects of DCP and that neutralization of MIP-1� alone
inhibited iNOS induction (Fig. 5B). These results suggest that the
inhibitory effects of DCP involve in part the induction of iNOS via
the MIP-1� signaling pathway. However, the exact molecular de-
tails require further detailed dissection.

Various laboratories have shown that different human cell
types are capable of controlling growth of parasites (55, 75), bac-
teria (76, 77), and viruses (78, 79) via IDO1-dependent antimicro-
bial effects. In fact, IDO1 induction was thought to be at least
partially responsible for the anticancer and antiviral effects of
DCP (19, 20, 22). Catabolism of local L-tryptophan into kynure-
nine and its metabolites has been implicated as the mechanism of
IDO1-mediated inhibition of microbial replication (55). How-
ever, in recent years evidence has emerged indicating that degra-

dation of L-tryptophan by IDO1 also can downregulate T cell re-
sponses in a wide range of disease states (52, 80). Müller and
coworkers addressed these seemingly contradictory roles of IDO1
by determining the relative concentrations of L-tryptophan re-
quired for bacterial and T cell growth (81). The levels of L-trypto-
phan required to support bacterial growth were 10- to 40-fold
higher than the levels necessary for optimal T cell activation and
proliferation (81). Hence, IDO1 can exert predominant antimi-
crobial effects during the acute phase of a rapidly replicating in-
fection. In contrast, at later time points of infection, especially
with a chronic, slow-growing pathogen, the immunoregulatory
effects of IDO1 may predominate. In our model system, accumu-
lation of IDO1 mRNA in mycobacterium-infected monocytes was
suppressed by DCP treatment (Fig. 6D). Therefore, IDO1 does
not appear to be involved in the DCP-mediated inhibitory effects
on intracellular mycobacteria. However, DCP may be able to re-
duce the immunoregulatory effects of IDO1 during TB infection,
providing further benefits during treatment of TB disease. The
latter possibility should be tested in future experiments.

In conclusion, this study shows that DCP has significant effects
on intracellular mycobacterial growth. The findings presented
herein favor the concept that DCP mediates its effects via the C-C
chemokine MIP-1� and iNOS-NO effector pathways. It will be
interesting to investigate whether macrophage activation with
DCP would enhance the killing of M. tuberculosis with current
anti-TB drugs, such as PZA, which is preferentially used with sev-
eral new drug candidates for optimal efficiency (82). Further stud-
ies are warranted to evaluate DCP effects on drug-resistant and
drug-sensitive virulent strains of M. tuberculosis in vivo, used alone
and in combination with PZA. In addition, further molecular dis-
section of the pathways involved in DCP-mediated enhancement
of intracellular control of mycobacteria is important to pursue.
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