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1. Introduction

Cocaine, crack, and methamphetamine are sympathomimetic stimulants that can acutely
precipitate both physical and psychological changes such as hyperthermia, elevated blood
pressure, decreased appetite, insomnia, enhanced sex drive, and feelings of euphoria
(Makisumi et al., 1998; Irwin et al., 2007). Despite the potent effects of stimulants, relatively
few investigations have examined the extent to which these substances are immunomodulatory
(Kopnisky et al., 2007). In vitro data indicate that methamphetamine up-regulates human
immunodeficiency virus (HIV) reverse transcriptase activity, promotes the expression of CC
chemokine receptor 5 (CCR5), and inhibits the production of interferon—alpha in monocyte/
macrophage cultures (Liang et al., 2008). In addition, a number of investigations have observed
that administration of cocaine to rodents decreases the number of circulating lymphocytes
(Pellegrino & Bayer, 1998). In one study that examined a murine model of acquired immune
deficiency syndrome, retrovirus-infected mice that received cocaine injections displayed
increases in thymus weight compared to uninfected mice that received saline injections.
Retrovirus-infected mice that received cocaine also displayed greater reductions in T-helper
(CD4+) count in the thymus compared to other retrovirus-infected mice that did not receive
cocaine (Lopez et al., 1992). Bearing in mind the fact that the sympathetic nervous system
innervates lymphoid organs such as the thymus (Nance & Sanders, 2007), these effects may
reflect the influence of cocaine-induced sympathetic nervous system activation. These findings
are further supported by investigations of the effects of cocaine infusion among HIV-negative
individuals with cocaine dependence. Irwin and colleagues (2007) observed decrements in both
resting and stimulated monocyte expression of tumor necrosis factor—alpha (TNF-a) as well
as decreased circulating levels of its soluble receptor (STNF-R75) among men that received
cocaine versus a placebo. Interestingly, cocaine-dependent participants displayed enhanced
autonomic nervous system activation which was, in turn, associated with lower resting and
stimulated monocyte expression of TNF-a. In another study where individuals were
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administered cocaine, stimulated peripheral blood mononuclear cells (PBMCs) demonstrated
in vitro changes that favored an enhanced cellular-immune response. These cocaine-induced
changes in stimulated cytokine production included increases in interferon-gamma (IFN-y) and
concurrent decreases in interleukin-10 (Gan et al., 1998). Although the exact nature and clinical
relevance of the acute immunologic effects of stimulants remains unclear, findings provide
some preliminary indication that these substances may directly impair the capacity of the
immune system to effectively manage chronic viral infections such as HIV.

Because stimulants activate the autonomic nervous system (ANS), it may represent an
important pathway for any observed immunomodulatory effects. The physiologic effects of
stimulants appear to be mediated by ANS activation (Irwin et al., 2007; Makisumi et al.,
1998), resulting in the release of norepinephrine at nerve terminals. By binding with B,
receptors on the lymphocyte membrane, norepinephrine activates the G protein linked adenyl
cyclase-cAMP-protein kinase A signaling cascade (Kobilka, 1992). Cellular changes of this
nature are associated with in vitro decrements in IFN-y and interleukin-10 during the eight
days following HIV infection of PBMCs. This suppression of IFN-y and interleukin-10
production, in turn, predicts elevations in HIV viral load over time (Cole et al., 1998). Bearing
in mind that the lymphoid organs have been shown to be a primary site for HIV replication,
sympathetic innervation of both primary and secondary lymphoid tissue may provide an ideal
microenvironment for ANS activation to accelerate HIV replication. This is supported by data
indicating that simian immunodeficiency virus replication is enhanced by 3.9-fold near
catecholaminergic varicosities (Sloan et al., 2006). Lending further support to the role of ANS
activation, another study observed that Individuals who displayed higher ANS activity at rest
prior to beginning anti-retroviral therapy (ART) subsequently demonstrated poorer
suppression of HIV viral load and decreased CD4+ cell reconstitution over a 3 to 11 month
period (Cole et al., 2001). Taken together, there is burgeoning evidence for the role of ANS
activation in hastened HIV disease progression (Cole, 2008).

Greater output of norepinephrine may partially explain observations that stimulant users on
ART display a markedly elevated HIV viral load (Ellis et al., 2003). Even after accounting for
higher rates of self-reported ART non-adherence, regular stimulant use (2—-3 times per week
or more) is independently associated with 50% higher HIV viral load (Carrico et al., 2007). In
the context of chronic HIV infection, elevated viral load may lead to sustained activation of
the cellular-immune response (Hunt et al., 2006) that could be further exacerbated by the
capacity of stimulants to increase IFN-y production in the periphery (Gan et al., 1998). This
may result in both direct and indirect effects of stimulants on enhanced immune activation.
The potential direct effects of stimulants on immune activation are further supported by an
investigation with injecting heroin users where cocaine use was independently associated with
higher levels of neopterin, even after accounting for HIV serostatus (Fuchs et al., 1987). Among
HIV-positive persons, this may have important clinical implications because markers of
immune activation such as neopterin have been shown to independently predict more rapid
HIV disease progression (Mildvan et al., 2005).

Immune activation among stimulant users may also promote degradation of L-trypothphan, an
essential amino acid that serves as the precursor for several important compounds such as
serotonin (Schroecksnadel et al., 2006). IFN-y directly increases neopterin production by
activating monocytes/macrophages and it stimulates indoleamine-(2,3)-dioxygenase (IDO) to
catabolize tryptophan via the kynurenine pathway. Thus, the kynurenine/tryptophan (kyn/trp)
ratio provides an estimate of IDO activity that can be accelerated by IFN-y (Schroecksnadel
et al., 2006). This is supported by findings that tryptophan degradation is partially reversed
following initiation of ART (Zangerle et al., 2002), possibly via decreased immune activation.
Among HIV-positive persons, the clinical relevance of tryptophan degradation is supported by
findings indicating that a higher kyn/trp ratio is associated with depression and impaired quality
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of life (Schroecksnadel et al., 2008). Taken together, stimulant use and ART non-adherence
are important behavioral factors that may be independently associated with HIV disease
markers. The goal of the present study was to examine if stimulant use and ART non-adherence
are independently associated with immune activation and indices of tryptophan degradation.

2. Methods

2.1. Procedures

HIV-positive individuals in four U.S. cities (San Francisco, Los Angeles, Milwaukee, and New
York City) were recruited from community agencies and medical clinics between July 2000
and January 2002 for a randomized behavioral prevention trial of an intervention designed to
reduce HIV transmission risk. Detailed information regarding the methods and results of this
trial have been published elsewhere (Carrico et al., in press; Healthy Living Project Team,
2007; Johnson et al., 2007). In total, 858 participants who were enrolled in this trial provided
baseline peripheral venous blood samples to measure CD4+ count and HIV viral load. Previous
analyses of these data have observed that individuals on ART who reported using stimulants
2-3 times per week or more had a five-fold higher HIV viral load than ART-treated peers who
reported using stimulants once a week or less (Carrico et al., 2007). The present study utilized
stored plasma samples from a sub-set of these participants (n = 127) who were taking ART.
All samples were collected within 60 days (median = 10 days) of the baseline assessment. We
identified 44 available plasma samples for participants who reported using stimulants (cocaine,
crack, or methamphetamine) 2—3 times a month or more at the New York (n = 16) and San
Francisco (n = 28) study sites. Plasma samples from the Los Angeles and Milwaukee sites were
not available. Then, using plasma samples from the San Francisco site, all available samples
from ART-treated participants who reported no stimulant use in the past three months were
included as a comparison group (n = 83). All plasma samples were stored at —80 °C.

2.2. Measures

2.2.1. Demographics—Age, ethnicity, gender, sexual orientation, education and time since
HIV diagnosis were assessed by questionnaire.

2.2.2. Depressive Symptoms—The 21-item Beck Depression Inventory | (BDI) assesses
the severity of somatic, affective, cognitive, and behavioral symptoms of depression during
the past week (Beck et al., 1996). Using the BDI total score (Cronbach’s Alpha = .88), we
classified participants based on the severity of depressive symptoms: no depression (0 — 9),
mild-moderate (10-18), and moderate-severe (19 — 63).

2.2.3. Stimulant Use—~Participants rated the frequency of cocaine, crack, and
methamphetamine use during the past three months using the following responses: never, less
than once a month, once a month, 2—3 times a month, once a week, 2—3 times per week, 4-6
times per week, once a day, and more than once a day. Forty-four participants who reported
using stimulants 2—3 times a month or more (i.e., monthly stimulant use) were selected for the
study. In addition, we examined a sub-sample of 27 participants who reported using stimulants
at least weekly (i.e., weekly stimulant use) to test for possible “dose” effects.

2.2.4. Adherence to ART—Self-reported ART adherence was assessed over the prior three
days to calculate percent adherence by dividing the number of pills taken by the total number
of pills prescribed (Chesney et al., 2000). Previous investigations lend support to the validity
of brief self-report measures of ART adherence in relation to immune status (Simoni et al.,
2006). However, because measures are often negatively skewed, it is difficult to examine ART
adherence as a continuous predictor. Consistent with prior investigations of ART adherence
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(Johnson et al., 2003), participants who reported less than 90% adherence were considered
non-adherent.

2.2.5. Biological Assays—HIV-1 viral load was determined using the AMPLICOR
ultrasensitive method for the in vitro reverse transcriptase polymerase chain reaction assay
(Roche Laboratories, US # 83088), which has a valid range of 50 to 750,000 copies/ml. CD4
+ cell count was determined by whole blood using direct immunoflourescence. Plasma
neopterin was measured using ELISA (BRAHMS, Berlin, Germany). Tryptophan and
kynurenine concentrations were determined by high performance liquid chromatography using
a method described elsewhere (Widner et al., 1997).

2.3. Statistical Analyses

3. Results

We began by examining the distributions for measures of immune status and indicators of
tryptophan degradation. Data were transformed where skewness (> 2.0) and kurtosis (> 5.0)
values indicated a non-normal distribution. For kynurenine a square root transformation was
utilized. A log;g transformation was used for HIV viral load and neopterin. We conducted
independent samples t-tests to examine differences in indices of immune status and tryptophan
degradation as a function of ART non-adherence and stimulant use categories. Informed by
these results, we conducted multiple linear regression analyses to examine whether stimulant
use was independently associated with measures of immune status and indices of tryptophan
degradation while simultaneously controlling for ART non-adherence. Because age, time since
HIV diagnosis, and ART regimen type may influence biological outcomes, these were included
as covariates in the multiple regression analyses. Bearing in mind that the nature of the
relationship between adherence and HIV viral suppression appears to be variable across
different classes of ART medications (Bangsberg et al., 2006), we also conducted exploratory
analyses to examine if weekly stimulant use was independently associated with neopterin and
tryptophan after simultaneously controlling for HIV viral load in a single regression block.
Next, we utilized partial correlations to examine if neopterin was associated with indices of
tryptophan degradation after controlling for HIV viral load. Finally, using a partial correlation
and an analysis of covariance we examined whether the severity of depressive symptoms was
associated with a higher kyn/trp ratio. Time since HIV diagnosis was selected as the covariate
in these analyses to account for confounds between HIV-related symptoms and somatic
symptoms of depression.

3.1. Participant Characteristics

The mean age of participants was 43 (range: 20 — 64) years. The majority of participants were
gay or bisexual men (74%). Other participants were women (13%) and heterosexual men
(13%). The sample was relatively diverse with respect to ethnicity: 47% Caucasian, 33%
African American, 9% Hispanic/Latino, 2% Asian/Pacific Islander, 1% Native American/
Alaskan Native, and 8% of multi-cultural heritage. Most participants (65%) had completed at
least some college. Individuals had been diagnosed with HIV for an average of 10 (range: 0.08
—21) years. In total, 20 (16%) participants were taking an ART regimen that included both a
protease inhibitor (PI) and non-nucleoside reverse transcriptase inhibitor (NNRTI). The
majority of these participants (16/20) were also taking a nucleoside reverse transcriptase
inhibitor (NRTI). Fifty (39%) participants were taking regimens that included both PI and
NRTI medications, 36 (28%) were taking NNRTI-based regimens, 12 (9%) were taking triple
NRTI regimens, and 9 (7%) were taking regimens that did not qualify as highly active anti-
retroviral therapy (HAART). The average CD4+ count was 475 (SD = 311) cells/mm?3 and the
mean HIV viral load was 3.03 (SD =1.29) log1g copies/ml. Approximately 34% of participants
had an undetectable HIV viral load.
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3.2. Weekly Stimulant useis Independently Associated with Immune Status and Tryptophan

Participants who were classified as non-adherent to their ART regimen had significantly higher
(0.73 logyp) HIV viral load (t (124) = —3.13, p < .01) and significantly higher (0.12 log1q)
neopterin (t (123) = —2.58, p <.05). Individuals who reported monthly stimulant use had
significantly higher (0.11 logyg) neopterin (t (124) = —2.32, p <.05). Finally, participants who
reported weekly stimulant use had significantly higher (.73 logy) HIV viral load (t (108) =
—2.61, p =.01), higher (0.17 logp) neopterin (t (107) = —3.07, p <.01), and lower (8.46 pumol/
1) tryptophan (t (107) = 3.18, p <.01). Means and standard deviations for all dependent variables
are presented in Table 1.

After controlling for age, time since HIV diagnosis, ART regimen type, and ART non-
adherence, monthly stimulant use was not independently associated with neopterin (f = .14,
p >.10). As summarized in Table 2, weekly stimulant use was independently associated with
elevated HIV viral load, higher neopterin, and lower tryptophan. Findings were unchanged
when ART adherence was examined as a continuous variable or in quartiles. Finally, in an
exploratory analysis we observed that even after controlling for HIV viral load, weekly
stimulant use continued to be significantly associated with higher neopterin (§ = .18, p <.05)
and lower tryptophan (p = —.26, p < .01).

3.3. Neopterin is Independently Associated with Indices of Tryptophan Degradation

HIV viral load was significantly associated with higher neopterin (r = .51, p < .001), lower
tryptophan (r = —.24, p < .01) and a higher kyn/trp ratio (r = .29, p <.01). HIV viral load was
not associated with kynurenine (r =.13, p >.10). After controlling for HIV viral load, neopterin
remained significantly associated with lower tryptophan (r = —.22, p <.05), higher kynurenine
(r = .36, p <.001), and a higher kyn/trp ratio (r = .50, p <.001).

3.4. The Kyn/Trp Ratio is Associated with Depressive Symptoms

After controlling for time since HIV diagnosis, the kyn/trp ratio was significantly associated
with greater depressive symptom severity (r = .19, p <.05). Similarly, significant mean
differences in the kyn/trp ratio were observed between depressive symptom severity categories
(F (2, 120) = 3.11, p < .05) after controlling for time since HIV diagnosis. As shown in Figure
1, pair-wise comparisons (using Tukey’s LSD) indicated that individuals with moderate-severe
depressive symptoms had a significantly higher kyn/trp ratio compared to either individuals
with no depression or those with mild-moderate depression (p < .05).

4. Discussion

Results of the present investigation lend support to a previous in vitro study which reported
that stimulants may accelerate HIV viral replication in monocytes/macrophages (Liang et al.,
2008). We have previously demonstrated that individuals who report using stimulants 2-3
times per week or more display a 50% higher HIV viral load, independent of self-reported ART
non-adherence (Carrico et al., 2007). The present study replicated this finding utilizing a less
stringent criterion for regular stimulant use (i.e., at least once a week) in a sub-sample of
participants included in our prior investigation. Furthermore, to our knowledge this
investigation is the first to report that weekly stimulant use is independently associated with
higher levels of neopterin among HIV-positive persons on ART. This clinically relevant marker
of immune activation has been shown to independently predict more rapid HIV disease
progression (Mildvan etal., 2005). Although the bio-behavioral pathways remain unclear, these
data provide some preliminary evidence that stimulant use may directly increase HIV viral
load and promote immune activation among ART-treated HIV-positive individuals.
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By inducing cellular-immune activation, stimulants may promote tryptophan degradation.
Even after accounting for viral load, neopterin remained a significant correlate of all indices
of tryptophan degradation. This indicates that enhanced immune activation may be at least
partially responsible for depleted tryptophan levels that were observed among weekly stimulant
users in the current study. It is also plausible that lower tryptophan levels among weekly
stimulant users are partially due to the effects of poor nutrition, which is common in this
population (Quach et al., 2008). However, we did not observe lower kynurenine levels among
weekly stimulant users, which would provide more definitive evidence for the influence of
poor nutrition (Schroecksnadel et al., 2006). The role of nutritional deficits should be carefully
examined in future investigations with stimulant users. Irrespective of the mechanism for the
effect of stimulant use on lower tryptophan, findings from the present study lend further support
to the clinical relevance of tryptophan degradation in HIV-positive persons. Consistent with a
prior investigation (Schroecksnadel et al., 2008), we observed that a higher kyn/trp ratio was
associated with increased severity of depressive symptoms. Those with moderate to severe
depression displayed an elevated kyn/trp ratio compared to either individuals with no
depression or those with mild-moderate depression. Finally, there is evidence that peripheral
serotonin modulates immune function (Mosser & Lesch, 1998). Future investigations should
directly measure serotonin levels among stimulant users and examine the extent to which
depleted serotonin is independently associated with immune impairments.

Although findings from the present investigation are provocative, future studies should
examine the bio-behavioral pathways that may account for the effects of stimulant use on HIV
disease markers and depleted tryptophan. These plausible bio-behavioral pathways include:
HIV genotypic resistance, sexually transmitted infections, sleep dysregulation, poor nutrition,
and ANS activation. In addition, because the present investigation included only HIV-positive
individuals on ART, it is difficult to determine whether the effects of stimulant use on immune
activation and depleted tryptophan would be observed among untreated HIV-positive or HIV-
negative populations. Although weekly stimulant use was associated with immune activation
and lower tryptophan after controlling for HIV viral load, this is far from a definitive analysis.
Given the low rates of undetectable viral load in this cohort, we were unable to examine the
effect weekly stimulant use on immune activation and tryptophan depletion in the sub-set with
undetectable viral load. Thus, it remains a possibility that weekly stimulant use is indirectly
associated with immune activation via elevated viral load. Further research is necessary to
determine whether the effects of stimulant use vary as a function of HIV serostatus and/or a
current prescription for ART medications. It is noteworthy that the present study utilized self-
report measures of stimulant use and ART adherence. Future investigations should include
toxicology screening and electronic medication monitoring to better assess the influence of
recent stimulant use and patterns of ART non-adherence (Hinkin et al., 2006). It is also
important to measure other potential confounding variables such as pre-treatment nadir CD4
+ count and hepatitis C co-infection that were not assessed in the present investigation. Finally,
findings should be confirmed in future longitudinal investigations with more representative
samples of HIV-positive persons. Individuals were selected for the present study because they
reported HIV transmission risk behavior and chose to participate in a randomized controlled
trial of a behavioral intervention. As a result, it is likely that individuals in the present
investigation may have reported increased rates of a variety of risk taking behaviors than would
have been observed in more representative samples of HIV-positive persons.
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Figure 1. Mean Differences in the Kynurenine/Tryptophan Ratio as a Function of Depressive
Symptom Severity Category

After controlling for time since HIV diagnosis, individuals with moderate-severe depression
had a significantly higher kynurenine/tryptophan ratio (Mean = 58.76, SE = 4.07) compared
to either: a) those with no depression (Mean = 47.97, SE = 3.32; p <.05) or b) those mild-
moderate depression (Mean = 45.97, SE = 3.71; p < .05).
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Table 2

Multiple Linear Regression Analyses Examining the Independent Effects of ART Non-Adherence and Weekly
Stimulant Use on HIV Viral Load, Neopterin, and Tryptophan

HIV Viral Load Neopterin Tryptophan
B B B
Age .03 -.07 .06
Time Since HIV Diagnosis A1 .06 12
Pl and NNRTI (Ref) - - -
Pl and NRTI 20 o4t .05
NNRTI-Based -14 14 15
Triple NRTI .09 03, .09
Not HAART 11 34 -.05
< 90% Adherence 23" 197 —.08
Weekly Stimulant Use 23" 22" ~26"
Model R? 23 23 13
Tp =.057
*
p<.05

*%k

p<.01
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