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Abstract
Drug abuse has become a global health concern. Understanding how drug abuse modulates the
immune system and how the immune system responds to pathogens associated with drug abuse, such
hepatitis C virus (HCV) and human immunodeficiency virus (HIV-1), can be assessed by an
integrated approach comparing proteomic analyses and quantitation of gene expression. Two-
dimensional (2D) difference gel electrophoresis was used to determine the molecular mechanisms
underlying the proteomic changes that alter normal biological processes when monocyte-derived
mature dendritic cells were treated with cocaine or methamphetamine. Both drugs differentially
regulated the expression of several functional classes of proteins including those that modulate
apoptosis, protein folding, protein kinase activity, and metabolism and proteins that function as
intracellular signal transduction molecules. Proteomic data were validated using a combination of
quantitative, real-time PCR and Western blot analyses. These studies will help to identify the
molecular mechanisms, including the expression of several functionally important classes of proteins
that have emerged as potential mediators of pathogenesis. These proteins may predispose
immunocompetent cells, including dendritic cells, to infection with viruses such as HCV and HIV-1,
which are associated with drug abuse.
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INTRODUCTION
Cocaine and methamphetamine are widely abused, addictive drugs, both of which can be
snorted, smoked or injected (NIDA Info Facts, 2005). The global annual prevalence of cocaine
use and methamphetamine/amphetamine use is 0.37% and 0.6% respectively (World Drug
Report (WDR), 2007). In the United States, in 2006, cocaine, heroin, marijuana and
methamphetamine use were the leading causes of drug abuse-related visits to the emergency
room (Drug abuse warning network (DAWN), 2006). In 2007, the number of new users of
cocaine and methamphetamine among persons aged 12 years or older in the United States was
906,000 and 157,000, respectively (Substance Abuse and Mental Health Services
Administration (SAMHSA), 2007).

Most newly acquired HCV and HIV-1 infections in the US, are associated with high-risk sexual
activity and/or drug use (Centers for Disease Control (CDC), 2005). A large percentage of
HIV-infected, injection drug users are also co-infected with HCV (CDC, 2005; Kim, 2008).
Patients co-infected with HIV-1 and HCV have a greater mortality rate due to higher incidences
of hepatocellular carcinoma (Parodi, 2007; Beretta, 2008). Additionally, co-infected patients
may have a reduced response to highly active antiretroviral therapy (HAART) (Parodi 2007;
Mathews, 2008; Thein, 2008).

Cocaine and methamphetamine have both been shown to enhance HIV-1 replication in
macrophages and dendritic cells (Nair, 2005; Reynolds, 2007; Liang, 2008) while
methamphetamine enhances HCV replication in hepatocytes (Ye, 2008). Cocaine has a direct
effect on the function of lymphocytes, natural killer cells, neutrophils, and macrophage.
Cocaine suppresses lymphocyte proliferation (Bayer, 1996; Bagasrsa, 1989), neutrophil
activation (Haines, 1990; Mukunda, 2000) and the phagocytic activity of macrophages
(Baldwin, 1997; Pellegrino, 2001) while increasing natural killer cell functions (Van Dyke,
1989; Poet, 1991). Methamphetamine modulates protein expression in monocyte derived
dendritic cells (Nair, 2006; Mahajan, 2006; Reynolds, 2007) and inhibits endosomal antigen
processing and MHC II restricted antigen presentation by bone marrow derived dendritic cells
(Tallóczy, 2008).

Dendritic cells are antigen presenting cells that modulate innate and adaptive immune
responses. Dendritic cells are present in the skin and the mucous membranes of the nose, lungs,
stomach, and intestines; they are found in the blood in an immature state (Banchereau, 1998;
Reis e Sousa, 2006; Steinman, 2007). Immature dendritic cells are recruited to and migrate
through the bloodstream to sites of inflammation to confront invading pathogens. Immature
dendritic cells capture antigen that subsequently induces maturation to mature, antigen-
presenting, T cell-priming, dendritic cells. During their conversion from immature to mature
cells, dendritic cells undergo phenotypic and functional alterations (e.g., redistribution of major
histocompatibility complex (MHC) molecules to the cell surface; increase in the surface
expression of costimulatory molecules, chemokine receptors and adhesion molecules;
morphological changes; and secretion of chemokines, cytokines and proteases).

Mature dendritic cells activate T-cells and B-cells by presenting surface MHC-peptide
complexes derived from the antigens captured during the immature stage (Banchereau, 1998;
Reis e Sousa, 2006; Steinman, 2007; Mohamadzadeh, 2008). Mature dendritic cells are
permissive for the growth of HIV-1 and HCV (Navas, 2002; Lo, 2003; Pachiadakis 2005;
Piguet, 2007). Cell surface receptors and adhesion molecules on mature dendritic cells mediate
physical contact between dendritic cells and T cells and may allow for more efficient viral
transmission (Sanders, 2002; McDonald, 2003). HIV-1 transmission is increased by maturation
of dendritic cells (Granelli-Piperno, 1998; Sanders, 2002; McDonald, 2003). Mature dendritic
cells can also transfer HIV-1 to T cells even in the absence of productive dendritic cell
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infections (trans-infection) (Granelli-Piperno, 1998; Sanders, 2002; McDonald, 2003, Moris,
2004; Lore, 2005; Yu; 2008). In chronic HCV infections mature dendritic cells have impaired
ability to stimulate T cells (Kanto 1999; Bain 2001; Kanto 2004). Dendritic cells not only direct
the induction of adaptive immune responses but are also involved in the regulation of humoral-
mediated immunity (Banchereau, 1998; Reis e Sousa, 2006; Steinman, 2007; Mohamadzadeh,
2008).

Considerable evidence exists linking drug abuse to susceptibility to and progression of various
infections, particularly HIV-1 and HCV. In this paper, we test the hypothesis that cocaine and/
or methamphetamine regulates the expression of various host proteins in monocyte derived,
mature dendritic cells. These studies were undertaken to identify unrecognized biomarkers that
might underlie the association of drug abuse and HIV-1 infections. Such marker proteins could
subsequently become targets for prevention and therapy. We used 2 dimensional (2D)
difference gel electrophoresis to demonstrate quantitative differences in the expression of
proteins induced by cocaine or methamphetamine followed by tandem mass spectrometry to
specifically identify proteins of special interest. Additionally, we validated our proteomic
results using a combination of quantitative, real-time PCR and Western blot analysis.

METHODS
Human Subjects

Blood donors were apprised of this study and consents were obtained consistent with the
policies of the appropriate local institutions and the National Institutes of Health. Peripheral
blood samples from healthy, HIV-1 negative individuals were drawn into a syringe containing
heparin (20 units/ml).

Isolation and Generation of Monocyte-Derived Mature Dendritic Cells
Dendritic cells were prepared as described (Dauer, 2003; Cao, 2000; Bender, 1996). Briefly,
human peripheral blood mononuclear cells (PBMCs) were isolated by density gradient
centrifugation on Ficoll-Paque (GE Healthcare, Piscataway, NJ). CD14+ monocytes were
separated from PBMCs using plastic adherence; the purity of monocytes was >90%, verified
by flow cytometry (data not shown). Adherent cells were cultured for 6 days in RPMI 1640
media supplemented with 10% fetal bovine serum (FBS) containing 100 U/ml recombinant
human interleukin-4 (IL-4; R&D Systems, Minneapolis, MN) and 100 U/ml, recombinant
human granulocyte-macrophage colony-stimulating factor (GMCSF; R&D Systems). After 6
days of culture, monocyte derived, mature dendritic cells were prepared by culturing cells for
5 days in media containing IL-4 and GMCSF as above. Maturation of monocyte derived,
mature dendritic cells was verified by immunostaining with antibodies to CD83+ and the major
histocompatibility complex (MHC-HLA-DR, DQ-DP) followed by flow cytometry (data not
shown).

Drug Treatment
Monocyte-derived, mature dendritic cells were treated with cocaine (Sigma-Aldrich, St. Louis,
Mo) at 1 µM for 48 hr or methamphetamine hydrochloride (Sigma-Aldrich) at 100 µM for 24
hr. Control cells were treated with media alone. The concentrations of cocaine and METH used
were based on previous dose response studies that produced a maximum biological response
without causing toxicity to the target cells and also were based on published in vitro studies
(Nair, 2005, 2006; Reynolds, 2007; Lee, 2001; Tallocy, 2008). The concentrations of cocaine
and METH are similar to levels found in the blood, urine or tissue samples of users that have
been found to range from ≤ 1 µM to 600 µM (Edward, 1998; Takayasu, 1995; Kalasinsky,
2001; Schepers, 2003).
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Two-Dimensional (2D) Difference Gel Electrophoresis (DIGE)
The Ettan DIGE technique (GE Healthcare) was used to detect differences in protein abundance
between normal and experimental samples. The Ettan DIGE system uses three CyDye DIGE
fluors (Cy2, Cy3, Cy5), each with a unique fluorescent wavelength, matched for mass and
charge. CyDyes form a covalent bond with the free epsilon amino group on lysine residues
from the sample proteins. CyDyes label approximately 2% of the lysine residues. This system
allows for two experimental samples and an internal standard to be simultaneously separated
on the same gel. The internal standard is comprised a pool of an equal amount of all the
experimental samples. The use of an internal standard facilitates accurate inter-gel matching
of spots, and allows for data normalization between gels to minimize gel to gel experimental
variability (www.amershambiosciences.com).

Sample Preparation—After stimulation, cells were washed 2 times with 1X PBS
(Invitrogen, Grand Island, NY). Total protein was extracted using standard cell lysis buffer [30
mM TrisCl; 8 M Urea; 4% (w/v) 3-[(3-cholamidopropyl) dimethylammonio]-1-
propanesulfonate (CHAPS), adjusted to pH 8.5] for 10 min on ice. Cell lysate was centrifuged
at 4°C for 10 min at 12000 g and the lysate was further purified by precipitation with
chloroform/methanol precipitated as described (Wessel, 1984). Cell lysates were resuspended
in standard cell lysis buffer. Final cell lysate protein concentrations were determined using
Bio-Rad Coomassie Protein Reagent (Bio-Rad, Hercules, CA) and used for protein
determination by DIGE analysis.

Sample Labeling—All reagents used were from GE Healthcare. Briefly, 50 µg of cell lysate
was labeled with 400 pmol of either Cy3 or Cy5 or Cy2 (Cy 2 was used to label the internal
standard) on ice for 30 min and then quenched with a 50-fold molar excess of free lysine. Cy3,
Cy5, Cy2 labeled samples and unlabeled protein (500–800 µg) were combined. An equal
volume of 2X sample buffer [8 M Urea; 2% (v/v) Pharmalytes 3–10; 2% (w/v) dithiothreitol
(DTT); 4% (w/v) CHAPS] was added and incubated on ice for 10 min. The total volume of
sample was adjusted to 450 µl with rehydration buffer [4% (w/v) CHAPS; 8 M Urea; 1% (v/
v) Pharmalytes 3–10 nonlinear (NL); 13 mM DTT].

DIGE—Samples were applied to immobilized pH gradient (IPG) strips (24cm, pH 3–10 NL),
and absorbed by active rehydration at 30 V for 13 hr. Isoelectric focusing was carried out using
an IPGphor IEF system with a three phase program; first phase at 500 V for 1 hr, second phase
at 1000 V for 1 hr, and third phase (linear gradient) 8000 to 64,000 V for 2 hr (50 uA maximum
per strip). Prior to separation in the second dimension, strips were equilibrated for 15 min in
equilibration buffer I [50 mM Tris-HCl, 6 M Urea, 30% (v/v) glycerol, 2% (w/v) SDS, 0.5%
(w/v) DTT]. The strips were again equilibrated for 15 min in equilibration buffer II [50 mM
Tris-HCl, 6 M Urea, 30% (v/v) glycerol, 2% (w/v) SDS, 4.5% (w/v) iodoacetamide] and
transferred onto 18 × 20 cm, 12.5% uniform polyacrylamide gels poured between low
fluorescence glass plates. Gels were bonded to inner plates using Bind-Silane solution
according to the manufacturer’s protocol. Strips were overlaid with 0.9% agarose in 1X running
buffer containing bromophenol blue and were run for 16 hr (1.8 W per gel, overnight) at 15°
C, in the Ettan DALT electrophoresis system.

Image Acquisition—Fluorescent images of each CyDye (Cy3, Cy5, Cy2) were acquired
using a Typhoon 9410 variable mode imager. After scanning, gels were fixed in 30% (v/v)
methanol, 7.5% (v/v) acetic acid for 3 hr and stained with SYPRO-Ruby dye (Molecular
Probes, Eugene, OR) overnight at room temperature. Gels were de-stained in water and then
scanned using the Typhoon 9410 scanner.
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Image Analysis—Images were processed in ImageQuant v5.2 software, and imported into
DeCyder differential in-gel analysis (DIA) software v5.0 from GE Healthcare for spot detection
and normalization of spot intensities within each gel. Intergel matching was performed using
the biological variation analysis (BVA) component of DeCyder for cross-gel statistical
analysis. Standardized protein abundance was calculated by dividing each Cy3 or Cy5 spot
volume by the corresponding Cy2 standard spot volume (internal control) within each gel, and
the difference in standardized abundance between control and drug-treated mature dendritic
cells were expressed as the average volume ratio (data represented as % change from control).
Statistical analysis (Student’s t-test) was performed on spots matched across gels. Protein spots
that showed statically significant differences between the control and drug-treated samples
were picked using the Ettan Spot Picker (www.amershambiosciences.com; Lilley and
Friedman, 2004).

High Performance Liquid Chromatography-Tandem Mass Spectrometry (HPLC-
MS/MS)—Excised spots were sent for analysis to the Proteomic Analysis Laboratory at the
University of Arizona. In gel digestion and HPLC-MS/MS were performed as described by
Breci et al. (2005). Briefly, gel slices were destained (Gharahdaghi, 1999) and digested with
trypsin (Cooper, 2003). The tryptic peptides were extracted with 5% formic acid/50% CH3CN.
HPLC was performed using a microbore system (Surveyor, ThermoFinnigan, San Jose, CA).
The HPLC column eluate was directed into a ThermoFinnigan LCQ Deca XP Plus ion trap
mass spectrometer. Automated peak recognition, dynamic exclusion, and daughter ion
scanning of the top two most intense ions were performed using Xcalibur software (Wilm,
1996). Spectra were scanned over the range 400–1400 mass units. MS/MS data were analyzed
using SEQUEST, a computer program that allows the correlation of experimental data with
theoretical spectra generated from known protein sequences.

A preliminary positive peptide identification for a doubly charged peptide was based upon a
correlation factor (Xcorr) greater than 2.5, a delta cross-correlation factor (dCn) greater than
0.1 (indicating a significant difference between the best match reported and the next best
match), a high preliminary scoring, and a minimum of one tryptic peptide terminus. For triply-
charged peptides the correlation factor threshold was set at 3.5. All matched peptides were
confirmed by visual examination of the spectra, and all spectra were searched against the latest
version of the public, non-redundant protein database of the National Center for Biotechnology
Information (NCBI) (Haynes, 1998; Andon, 2002).

Western Blots
Briefly, 40 µg of protein was separated by electrophoresis using 4–20% Tris-glycine Express
gels (ISC Bioexpress, Kaysville, UT) and transferred to polyvinylidene fluoride (PVDF)
membranes (Sigma-Aldrich). Membranes were blocked for 2 hr with 5% nonfat dry milk in
Tris-buffered saline with Tween 20 [150 mM NaCl, 20 mM Tris, pH 7.5, 0.1% Tween 20] and
incubated with primary antibodies overnight at 4°C with gentle rocking. Antibody
concentrations used were based on the manufacturer’s specifications.

After incubation with primary antibodies, membranes were washed and incubated with an
appropriate biotin-conjugated secondary antibody (Santa Cruz Biotech, Santa Cruz, CA). After
secondary antibody incubations, the membranes were washed 3 times, for 10 min each, in 1X
TBS with 0.5% Tween 20 and then incubated for another 30 min with a streptavidin-alkaline
phosphatase conjugate (Invitrogen) followed by colorimetric detection using NBT/BCIP
reagent (Roche, Indianapolis, IN). Densitometry analyses were done using a Syngene Image
Analyzer with Gene Tools Analysis Software version 3.02.00 (Syngene, Frederick, MD). Data
were normalized to protein expression levels of β-actin.
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RNA Extraction and Real-Time, Quantitative PCR (Q-PCR)
Cytoplasmic RNA was extracted using TRIzol (Invitrogen). The final RNA pellet was dried
and resuspended in diethyl pyrocarbonate (DEPC) water and the concentration of RNA was
determined using a spectrophotometer at 260 nm. Any DNA contamination in the RNA
preparation was removed by treating the RNA with DNAse (1 IU/µg of RNA, Promega,
Madison WI) for 2 hr at 37°C, followed by proteinase K digestion at 37°C for 15 min and
subsequent extraction with phenol/chloroform and NH4OAc/ETOH precipitation. The isolated
RNA was stored at −70°C until used. DNA contamination of the RNA preparation was checked
by including a control in which reverse transcriptase enzyme was not added to the PCR
amplification procedure. Relative abundance of each mRNA species was assessed using the
SYBR green master mix from Stratagene (La Jolla, CA) to perform Q-PCR. Differences in
threshold cycle number were used to quantify the relative amount of PCR target contained
within each tube. Relative mRNA species expression was quantitated and expressed as
transcript accumulation index (TAI = 2−(ΔΔCT)), calculated using the comparative CT method.
All data were controlled for quantity of RNA input by performing measurements on an
endogenous reference gene, β-actin (Shively, 2003).

Statistics
For Western blot analyses and gene expression data, statistical significance was determined
using Student’s t-test (SPSS Inc.).

RESULTS
Proteomic Analyses of Monocyte-Derived Mature Dendritic Cells

Cocaine Differentially Regulates the Expression of Several Proteins—Figure 1 is
a representative 2D gel image of SYPRO Ruby stained proteins. Comparing standardized
protein abundance data generated from the Cy3, Cy5 and Cy2 images (DeCYDER software),
several proteins spots were differentially regulated by cocaine. Protein spots were identified
by HPLC-MS/MS. The protein spots that yielded positive identification are shown in Figure
1, labeled with arbitrary spot numbers. Respective protein identities are listed in Table 1.

Proteins that had increased expression levels in cells treated with cocaine compared to control
included: programmed cell death 6 interacting protein (AIP1), cathepsin D preproprotein,
enolase, non-neural alpha enolase, nuclear factor (NF)-κβ p105 subunit, D-2-hydroxy-acid
dehydrogenase, hypothetical protein DKFZp564C047.1, heterogeneous nuclear
ribonucleoprotein H3, phosphoglycerate mutase 1, aldolase A (AA), aldolase C, fructose-
bisphosphate and tumor protein. Proteins showing a decrease in expression were heat shock
protein 90 (HSP90), heat shock protein 70 (HSP70), L-plastin, heterogeneous nuclear
ribonucleoprotein H2, tryptophan-tRNA ligase, protein phosphatase 1 regulatory inhibitor
(NIPP1), phosphoglycerate kinase 1, glyceraldehyde-3-phosphate dehydrogenase, carbonyl
reductase 1 and a protein that is similar to high mobility group box 1.

Methamphetamine Differentially Regulates the Expression of Several Proteins
—Figure 2 is a representative 2D gel image of SYPRO Ruby stained proteins. Several proteins
spots were differentially expressed between methamphetamine treated and control cultures.
Protein spots that were positively identified by HPLC-MS/MS are shown in Figure 2 labeled
with arbitrary numbers. The identities of the respective proteins are listed in Table 2. Proteins
showing increased levels of expression after treatment of monocyte derived mature dendritic
cells with methamphetamine in comparison with control cultures include AIP1, heat shock
protein 70kDa, protein 8 (HSPA8), L-plastin, laminin B1, calreticulin, nuclease sensitive
element-binding protein 1 (YB-1), mitogen-activated protein kinase kinase 1 (MEK1),
mitogen-activated protein kinase kinase 2 (MEK2), stress-induced-phosphoprotein 1,
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membrane-organizing extension spike protein (moesin), hydroxyacyl-coenzyme A
dehydrogenase, and cathepsin S.

Conversely, lymphocyte-specific protein 1, pyruvate kinase, heat shock 70kDa, protein 5
(HSPA5), adenosine kinase, 3(2),5-bisphosphate nucleotidase, heterogeneous nuclear
ribonucleoprotein C (hRNPC), laminin receptor 1, nucleophosmin (B23), 26S proteasome-
associated pad1 homolog, F-actin capping protein alpha-1 subunit, lactate dehydrogenase,
gp96, EF hand domain family member D2, alpha-SNAP, ribosomal protein P0, and a P32 A
Doughnut-Shaped Acidic Mitochondrial Matrix Protein showed decreased protein expression
in cells treated with methamphetamine compared to the control culture.

For all 2D gels, several weak protein spots could not be identified due to insufficient amounts
of peptides for identification and therefore are not shown in Figure 1 and Figure 2.

Western Blot and Gene Expression Analyses
Modulation of protein and gene expression of select proteins from mature dendritic cells treated
with cocaine or methamphetamine, respectively, were further examined by Western blots and
Q-PCR. The proteins and genes that were selected for analysis showed statistically significant
changes in expression on treatment with cocaine or methamphetamine. The specific proteins
and genes that were validated were arbitrarily chosen based upon several logistical issues
including the ready availability of primers and antibodies and a sufficient quantity of sample.
Data shown in Figure 3 are representative Western blots and protein quantification by
densitometry. Figure 3A demonstrates the effects of cocaine on aldolase, enolase and HSP90
protein expression.

Cocaine induces a significant up-regulation in the protein expression of aldolase A (24%) and
enolase (21%), while inducing a significant down-regulation in the expression of HSP90
(23%). Figure 3B shows that methamphetamine significantly up-regulates the protein
expression of cathepsin S (59.2%), MEK1 (48.2%) and MEK2 (46.8%). Protein expression of
β-actin was unchanged by treatment with cocaine or methamphetamine as compared to
untreated cells (data not shown). These results confirm the effects of cocaine and
methamphetamine on protein expression by monocyte derived, mature dendritic cells, as
determined by DIGE and HPLC-MS/MS (Table 1 and Table 2).

mRNA levels of arbitrarily chosen proteins were analyzed by Q-PCR using primers shown in
Table 3. Data presented in Figure 4A show that cocaine treatment had no effect on 18s RNA
expression used as control RNA. However, cocaine significantly up-regulated gene expression
for enolase (TAI = 2.06 ± 0.74, p = 0.04), AA (TAI = 2.08 ± 0.39, p = 0.009), and NF-κβ p105
subunit (TAI = 2.69 ± 0.86, p = 0.027) compared to the respective untreated control culture.
Similarly, cocaine significantly down-regulated the gene expression of HSP90 (TAI = 0.38 ±
0.19, p = 0.005), L-plastin (TAI = 0.48 ± 0.17, p = 0.006) and NIPP1 (TAI = 0. 29, p = 0.009)
compared to the respective untreated control culture. Data presented in Figure 4B show that
methamphetamine treatment had no effect on 18s control RNA gene expression. However,
methamphetamine significantly up-regulated the gene expression of HSPA8 (TAI = 1.77 ±
0.025, p = 0.001), L-plastin (TAI = 1.87 ± 0.08, p = 0.018), MEK1 (TAI = 1.9 ± 0.16, p =
0.001) and MEK2 (TAI = 1.77 ± 0.36, p = 0.021) compared to respective controls.
Methamphetamine significantly down-regulated the gene expression of pyruvate kinase (TAI
= 0.14 ± 0.12, p = 0.001), hRNPC (TAI = 0.30 ± 0.16, p = 0.002) and B23 (TAI = 0.33 ± 0.06,
p = 0.003), compared to respective controls.

These results demonstrate concordance between both the gene and protein expression data
from monocyte-derived mature dendritic cells treated with cocaine or methamphetamine,
respectively.
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DISCUSSION
Drug abuse has long been recognized as a significant co-morbidity associated with HIV-1
infections. In this study we attempted to gain insight into the molecular mechanisms underlying
the effects of drug abuse on susceptibility to and progression of viral infections such HCV and
HIV-1. Specifically we examined changes in the proteome of mature dendritic cells in response
to treatment with the widely used, addictive drugs, cocaine and methamphetamine. Dendritic
cells play an important role as a first line of defense of the immune system against pathogens.
We tested the hypothesis that drugs of abuse regulate the expression of various host proteins
in monocyte derived mature dendritic cells. We propose that these proteins may directly or
indirectly play a significant role in increased susceptibility to various viral infections. The
potential relevance of the differential expression of select regulated proteins is discussed below.

Effects of Cocaine on Mature Dendritic Cells
NFκB is a major, inducible transcription factors whose modulation triggers a cascade of
intracellular signaling events. Activated NFκB stimulates the expression of genes involved in
a wide variety of biological functions (Beinke, 2004; Celec, 2004). Previous studies have
shown that cocaine activates NFκB in H9C2 cells (Hargrave, 2003), human brain endothelial
cells (Lee, 2001) and in the nucleus accumbens in the mouse brain (Ang, 2001). In the present
study we demonstrate that the p105 subunit of NFκB is up-regulated by cocaine in mature
dendritic cells. HCV core protein promotes proliferation of human hepatoma cells via
activation of NF-κB, suggesting a mechanism of hepatocarcinogenesis (Sato, 2006). U937 cells
(immortalized cells of the monocyte-macrophage like lineage) infected with HIV-1 show
increased levels of the p105 and p50 subunits of NF-κB, resulting in prolonged activation of
NFκB, leading to viral persistence (McElhinny, 1995). Cocaine increases expression of NF-
κB p105 in mature dendritic cells which may be associated with viral (e.g., HCV or HIV-1)
persistence or an increase in the pathological effects.

Cocaine significantly down-regulated protein phosphatase 1 regulatory inhibitor subunit 8 also
known as NIPP1, in monocyte derived mature dendritic cells. NIPP1 is a regulatory subunit
of protein phosphatase (PP) and binds to the catalytic subunit of PP forming an inactive
holoenzyme complex, inhibiting the dephosphorylation of a variety of substrates
(Zolnierowicz, 2000). Previous studies have shown that overexpression of NIPP1 inhibits Tat-
induced HIV-1 transcription in COS-7 cells (Ammosova, 2003, 2005). Since cocaine down-
regulates NIPP1 and NIPP1 has been shown to inhibit Tat-induced HIV-1 transcription, it is
possible that cocaine-induced down-regulation of NIPP1 may be a mechanism through which
cocaine regulates HIV-1 transcription. HCV can upregulate PP expression (Duong, 2005).
Cocaine and HCV may act synergistically through their actions on NIPP1 and PP, respectively,
to interfere with the host’s cellular defenses against the virus.

Effects of Methamphetamine on Mature Dendritic Cells
Mitogen activated protein (MAP) kinase transduces extracellular signals into intracellular
responses (Johnson, 2002; Nishimoto, 2006). HCV E2 envelope protein activates the MAP
kinase pathway (Zhao, 2005, 2006, 2007). MAP kinase inhibitors block HIV-1 viral replication
in T cells and in a monocyte cell line (Muthumani, 2004). HIV-1 viral proteins also regulate
MAP kinase activity (Kumar, 1998; Robichaud, 2000; Rusnati, 2001; Kan, 2004). Suppression
of virion-associated MAP kinases by specific inhibitors impaired HIV-1 infectivity (Jacque,
1998). Through the regulation of MAP kinases, methamphetamine may increase the
susceptibility of mature dendritic cells to HCV or HIV-1 infection.

Nuclease sensitive element-binding protein 1 or Y box-binding protein 1 (YB-1) is a member
of the Y-box DNA binding proteins located in the cytoplasm and nucleus of mammalian cells.
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Y-box proteins have multiple functions including the regulation of cell proliferation and gene
transcription and translation (Wolffe, 1994; Kohno, 2003). YB-1 regulates the transcription of
human T-cell lymphotropic virus type I (HTLV-I), adenoviruses, human polyomavirus, JC
virus (JCV) and HIV-1 (Kashanchi, 1994; Holm, 2004; Safak, 2002). YB-1 binds to the C-
terminal region of HIV-1 Tat protein which enhances activation of the HIV-1 LTR promoter
(Ansari, 1999). Since YB-1 enhances viral transcription, our findings that methamphetamine
increases the expression of YB-1 in mature dendritic cells also suggests that methamphetamine
enhances viral replication by regulating the expression of transcription factors such as YB-1.
Further studies are necessary to determine whether YB-1 regulates HCV transcription.

Common Proteins Whose Expression is Regulated by Cocaine and Methamphetamine
Cathepsins are lysosomal cysteine proteases released by dendritic cells and B cells. Cathepsins
are located in the acid endosomal/lysosomal (low pH) compartment of dendritic cells and play
a pivotal role in antigen processing (Riese, 2000). Previous studies have shown that cathepsins
are associated with viral entry, dissemination and enhanced viral replication (El Messaoudi,
1999, 2000; Prin-Mathieu, 2001; Tscherene, 2006). Polymorphonuclear cells isolated from
HIV-1 positive patients have significantly higher cathepsin D activity than cells from normal
controls (Prin-Mathieu, 2001). Vaginal secretions contain cathepsin D and exposure of
lymphocyte cultures to these secretions increased HIV-1 replication in these cells (El
Messaoudi 1999, 2000). The current study demonstrates that cocaine and methamphetamine
both enhance the expression of cathepsins in mature dendritic cells. An increase in expression
of cathepsins may play a role in spreading HCV or HIV-1 infection to neighboring cells.

Heat shock proteins (HSP), also known as stress proteins, belong to the family of molecular
chaperones that can be induced upon cellular injury. HSP are classified by their molecular
weight, comprising of six general families: HSP110, HSP90, HSP70, HSP60, small molecular
weight HSP, and immunophilins (Prohaszka, 2004; Gullo, 2004). HSP have diverse functions
including chaperone activity, regulation of redox state and regulation of protein turnover
(Prohaszka, 2004). HSP90 plays an important role in HCV RNA replication (Okamoto,
2006). HSP70 and HSP27 expression are increased following HIV-1 infection (Wainberg,
1997) suggesting that these proteins are involved in innate immune responses to viruses.
Findings from the current study demonstrate that cocaine and methamphetamine differentially
regulate several types of HSP. This differential regulation may play a role in the ability of
dendritic cells to initiate an anti-viral response, however the clinical significance of these data
are yet to be determined.

Our studies provide a relationship of cocaine or methamphetamine in the immunomodulation
of mature dendritic cells. The studies presented herein demonstrate that cocaine and
methamphetamine can modulate the expression of various proteins within the proteome of
mature dendritic cells. Future studies are necessary to determine the molecular mechanisms
underlying the effects of these drugs mechanistically link these drugs of abuse to the
immunomodulation of HCV and HIV-1. Identification of the various proteins whose
expression is modulated by these drugs may yield new molecular targets for the prevention of
infections such as HCV and HIV-1 that are associated with drug abuse.
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Figure 1.
Representative 2-D gel image of a lysate of monocyte derived, mature dendritic cell stained
with SYPRO Ruby dye. Arbitrary spot numbers represent statistically significant, differentially
expressed proteins between control and cocaine treatment. The identity of each protein is shown
in Table 1. Four separate experiments gave similar results.
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Figure 2.
Representative 2-D gel image of a lysate of monocyte derived mature dendritic cell stained
with SYPRO Ruby dye. Arbitrary spot numbers represent statistically significant, differentially
expressed proteins between control and methamphetamine treatment. The identity of each
protein is shown in Table 2. Four separate experiments gave similar results test (n = 4
independent experiments).
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Figure 3.
Western blot analyses of selected, differentially expressed proteins from mature dendritic cells
treated with (A) cocaine or (B) methamphetamine. Data were normalized to protein expression
levels of β-actin. The graphs show the mean ± SD of % change in OD as measured by
densitometry of bands from Western blots from 4 independent experiments. Statistical
significance was determined by Student’s t-test.
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Figure 4.
Q-PCR analyses of selected, differentially expressed genes from mature dendritic cells treated
with (A) cocaine or (B) methamphetamine. Statistical significance was calculated by Student’s
t-test (n = 4 independent experiments).
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Table 3

Primer sequences for Real Time Q-PCR.

Primer Primer sequences

β-actin 5’, 5’-TGACGGGGTCACCCACACTGTGCCCATCTA-3’

3’, 5-AGTCATAGTCCGCCTAGAAGCATTTGCGGT-3’

aldolase A (AA) 5’, 5’-AAC ATG ACC CAC CTG TCC ATG CTA-3’

3’, 5’-TGG ATA TTG GTA GGG CAT GGT GCT-3’

B23 5’, 5’-GTT CAG GGC CAG TGC ATA TT-3’

3’, 5’-TTT CTT CAC TGG CGC TTT TT-3’

enolase 5’, 5’-ATA AAG AAG GCC TGG AGC TGC TGA -3’

3’, 5’-TGC CCA GCT CCT CTT CAA TTC TGA-3’

hRNPC 5’, 5’-AGAGGCTGAGGAAGGAGAGG-3’

3’, 5’-AGGAGCGTCAAAGGAAGTGA-3’

HSPA8 5’, 5’-GGA GGT GGC ACT TTT GAT GT-3’

3’, 5’-AGC AGT ACG GAG GCG TCT TA-3’

HSP90 5’, 5’-GAT TGG CCA GTT CGG TGT TGG TTT-3’

3’, 5’-GCT TGT TCC TGA TCG TTG GGC AAA-3’

L-plastin 5’, 5’-TTA ACA GAT ACC CTG CCC TGC ACA-3’

3’, 5-TCA CTT CAA CCA GGT CTT CTG GCA-3’

MEK1 5’, 5’-GCT TGG GGC TAT TTG TGT GT-3’

3’, 5’-TCT CAC AAG GCT CCC TCC TA-3’

MEK2 5’,5’-CGT ACC TCC GAG AGA AGC AC-3’

3’, 5’-GGA GTT GGC CAT GGA GTC TA-3’

NFκB p105 subunit 5’, 5’-AGG ATG AAG GAG TTG TGC CTG GAA-3’

3’, 5’-TGA GTT TGC GGA AGG ATG TCT CCA-3’

NIPP1 5’, 5’-TGC AGT GGT CCC AGT CAA GAA GAA-3’

3’, 5’-ATC CCA CCC TTC TCC ATG ACC AAA-3’

pyruvate kinase 5’ 5′-ATC GTC CTC ACC AAG TCT GG-3’

3’, 5-GAA GAT GCC ACG GTA CAG GT-3’
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