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Abstract
Opioid receptor agonists modulate both innate and adaptive immune responses. In this study, we
examined the impact of long-term chronic morphine administration on the circulating T cell
population dynamics in rhesus macaques. We found that the numbers of circulating Treg cells, and
the functional activity of Th17 cells, were significantly increased with chronic morphine exposure.
Our results also show that T cell populations with surface markers characteristic of gut-homing
(CD161 and CCR6) and HIV-1 susceptibility (CCR5 and β7 integrin) were increased. These
results represent the first detailed report of the impact of chronic morphine administration on
circulating T cell dynamics.
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1. Introduction
It is well established that the activation of opioid receptors by the administration of
morphine, or other selective or non-selective opioid agonists, alters both innate and adaptive
immune competence. Acute administration studies conducted in vitro with cell culture, or in
vivo analysis with rodents, have demonstrated modulation of antibody responses (Eisenstein
et al., 1995; Guan et al., 1994; Taub et al., 1991), phagocytic cell function (Rojavin et al.,
1993; Szabo et al., 1993), natural killer (NK) cell activity (Weber and Pert, 1989), and the
development and function of T cells in the thymus (Linner et al., 1996; McCarthy et al.,
2001; McCarthy Rogers, 2001) with opioid administration. Previous studies have shown that
the production of IL-2 and IFNγ was inhibited following subcutaneous administration of
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morphine to rats (Lysle et al., 1993). Moreover, treatment in vitro of murine lymph node T
cells with morphine resulted in a significant reduction in the expression of these cytokines in
response to concanavalin A (ConA), and this effect was not observed in μ-opioid receptor
(MOR) knockout mice (Wang et al., 2001). Similar results have been reported with
morphine-treated human peripheral blood mononuclear cells (Peterson et al., 1987).
Moreover, morphine treatment of mice in vivo induced a significant decrease in the levels of
the proinflammatory cytokines TNFα, IL-1 and IL-6, and chemokines CXCL1 and CXCL2,
in the bronchoalveolar lavage fluid (Wang et al., 2005). It appeared that the impaired
cytokine and chemokine levels resulted in a reduction in the migration of protective
neutrophils to the site of infection (Wang et al., 2005). Finally, the alteration of cytokine
expression by morphine would be expected to change the characteristics of leukocytes in
circulation, including the mobilization of cells from the bone marrow and lymph organs, and
the activation and/or differentiation state of the cells.

In contrast to the results just described, studies carried out with human peripheral blood cells
suggested that opioid administration did not induce a universal impairment in pro-
inflammatory cytokine expression. For example, the activation of MOR with the μ-selective
agonist, [D-Ala2,N-Me-Phe4,Gly-ol5]enkephalin (DAMGO)3 or morphine had the ability to
increase the expression of several pro-inflammatory chemokines, including CCL4,
CXCL12, CCL2, CCL5 and CXCL10, in astrocytes, as well as both non-activated and
activated human PBMCs (Hu et al., 2000; Mahajan et al., 2005; Wetzel et al., 2000). Recent
studies have also shown that activation of the MOR also induced a significant increase in
CCL2 expression in primary human neurons (Rock et al., 2006). Moreover, activation of
MOR induces significant up-regulation of the expression of the chemokine receptors CCR5
and CXCR4 on both monocytes and T cells (Steele et al., 2003). Results from our laboratory
have implicated a role for TGF-β in MOR-mediated regulation of CCL5 (Happel et al.,
2008), and while TGF-β is generally considered anti-inflammatory, this cytokine has been
shown play a pivotal role in the function of the immune system, including both cell growth
and differentiation (Li et al., 2006;Roberts, 1999).

Much of the work to determine the effects of morphine on the immune response has focused
on analyses of acute effects of the drug, with an emphasis on rodent experiments carried out
using cell culture. However, much less is known about the influence of chronic morphine
administration on T cell population dynamics of cells in individual tissue compartments,
including the peripheral circulation. Studies conducted with macaques have shown that
chronic morphine treatment results in significantly reduced levels of circulating NK cells
and NK cell activity (Carr France, 1993). These studies also showed that while circulating
CD8 T cells were elevated, a decrease in circulating total CD4 T cells, and specifically, a
decrease in the levels of CD4+CD45RA+ (naïve) T cells were observed. These results are
consistent with similar studies carried out with chronic morphine-treated macaques which
have shown an increase in circulating CD8 T cells (Carr France, 1993), and depressed levels
of CD4+CD62L+ (resting naïve) T cells (Donahoe et al., 2001). Moreover, the levels of
circulating CD4+CD29+ memory cells were found to increase in chronic morphine-treated
macaques, suggesting that morphine administration may have opposing effects on the naïve
and memory CD4 T cell populations (Carr France, 1993). However, little is known about the
effects of chronic morphine administration in vivo on the T cell subpopulation dynamics in
either human or non-human primates. In the present study we report results which show that
chronic morphine administration to rhesus macaques leads to substantial changes in the
circulating levels of regulatory T cell (Treg) subpopulation. We also find that circulating
levels and functional activity of Th17 subsets are also altered in response to the chronic drug
treatment. We believe this is the first report showing evidence that chronic morphine
administration leads to a substantially modified circulating immune system.
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2. Materials and methods
2.1. Animals

The Indian Rhesus macaques used in this study were housed at BIOQUAL, Inc. Rockville,
MD, according to standards and guidelines as set forth in the Animal Welfare Act and The
Guide for the Care and Use of Laboratory Animals, as well as according to animal care
standards deemed acceptable by the Association for the Assessment and Accreditation of
Laboratory Animal Care International (AAALAC). All experiments were performed with
the approvals of both the Temple University and Bioqual Institutional Animal Care and Use
Committees (IACUC). Animals were housed on site for more than three months to allow for
stabilization of the immune system prior to conducting the initial analysis of the immune
system. In addition, the animals were tested for retroviral pathogens and herpes B virus and
were negative. The 7 animals used in this study were composed of 3 males and 4 females
and ranged in age from 2.5 to 4.5 years at study initiation.

2.2. Hematology
Hematology was performed by IDEXX (IDEXX Preclinical Research, West Sacramento,
CA). For calculation of absolute cell numbers, whole blood was stained with anti-CD3-
fluorescein isothiocyanate (FITC); anti-CD4-phycoerythrin (PE); anti-CD8-peridinin
chlorophyll α protein (PerCP); anti-CD28-allophycocyanin (APC); anti-CD2-FITC; anti-
CD20-PE, and red blood cells were lysed using lysing reagent (Beckman Coulter, Inc.,
Fullerton, Calif.). Samples were run on a FACSCalibur (BD Biosciences, San Jose, CA).

2.3. Morphine treatment
Morphine was administered by intramuscular injection to the animals at 5 mg/kg, 3 times
daily beginning 24 hours after the baseline bleed was obtained. This dose of morphine was
initially introduced stepwise from 3mg/kg to 5mg/kg over the initial 2 week period. Every 4
weeks following the beginning of the morphine treatment and for a total of 12 weeks, blood
was drawn from the animals for analysis of the PBMCs.

2.4. Peripheral blood mononuclear cell (PBMC) isolation
Blood was collected into heparin vacutainers. Blood was shipped overnight at room
temperature (RT). Blood (10 to 15ml) for each animal was pooled and layered onto 15ml of
Ficoll-Paque (GE Healthcare) and centrifuged at 250g for 40 minutes at RT. PBMC layer
was collected and diluted 1:1 with HBSS. Cells were pelleted at 250g for 10 min at 4C, and
the cells were resuspended, and the erythrocytes were lysed with ACK solution (Invitrogen)
for 10 minutes at 4C. Cells were washed and suspended in RPMI1640 containing 10% fetal
calf serum (FCS) and counted using a Countess cell counter (Invitrogen).

2.5. Analysis of PBMCs by flow cytometry
For surface staining of markers, PBMCs (1 million) were blocked with 20ug of purified
human IgG (Sigma) in FACS buffer (BD Bioscience) on ice for 30 minutes. The cells were
centrifuged and the IgG was removed. PBMCs were next incubated with the appropriate
antibody combinations (Table 1) in FACS buffer on ice for 30 minutes. PBMCs were
washed twice with FACS buffer and fixed for 10 minutes on ice with 2% paraformaldehyde.
The paraformaldehyde was removed, the cells transferred to staining buffer, and analyzed on
BD LSRII cytometer.

For intracellular staining of cytokines such as IL-17A and IFNγ, PBMCs were cultured in
RPMI1640 containing 10% FCS for 8 hours at 37C and 5% CO2 in the presence of 50 ng/ml
PMA (Sigma), 500ng/ml Ionomycin (Sigma), and 0.07% Golgi Stop (BD Bioscience). At
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the end of the culture period, the stimulus was removed and the cells were blocked and
stained for 30 minutes on ice with a panel of antibodies specific for cell surface markers
(Table 1) which included CD3-Alexa700 (BD Bioscience; clone SP34-2), CD4-Qdot605
(Invitrogen; clone S3.5), CD8-Qdot655 (Invitrogen; clone 3B5), CCR6-Biotin (BD
Bioscience; clone 11A9; Streptavidin-V450 from BD Bioscience was used at a 1:400
dilution to label the CCR6 antibody), and CD161-PerCP-Cy5.5 (eBioscience; clone
HP-3G10). The stained cells were washed, fixed, and permeabilized using BD Bioscience
Cytofix/Perm kit. The permeabilized cells were blocked and stained with antibodies to
intracellular cytokines including IFNγ -FITC (BD Bioscience; clone B27) and IL-17A-
Alexa647 (eBioscience; clone eBio64CAP17). PBMCs were washed twice with FACS
buffer and transferred to staining buffer, and analyzed using an LSRII cytometer.

Treg assessment was performed using an eBioscience FoxP2 staining buffer kit. Cells were
blocked and stained first for surface markers (Table 1) using antibodies to CD3-PacBlue
(BD Bioscience; clone SP34-2), CD4-Qdot605 (Invitrogen; clone S3.5), and CD25-APC-
Cy7 (Biolegend; clone BC96) for 30 minutes on ice. The stained cells were washed twice
with FACS buffer followed by fixation and permeabilizization. The cells were then washed,
blocked, and stained with FoxP3-APC (eBioscience; clone PCH101) for 30 minutes on ice.
The cells were next washed, transferred to staining buffer, and analyzed on a BD LSRII
cytometer.

Analysis was conducted with a BD LSR II cytometer equipped with 4 lasers (355 nm, 405
nm, 488 nm, and 640 nm). BD Cytometer Setup & Tracking Beads were used to calibrate
the cytometer and track performance over time. BD CompBeads were stained with each
experimental antibody and used as single color control for compensation. Uncompensated
data was acquired on LSR II cytometer in FCS 3.0 format using BD FACSDiva software
version 6.1.3. Data analysis and compensation were performed on FlowJo software (version
7.6.4). PBMCs (typically 125,000 events) were discriminated based on size and granularity
using forward light scatter (FSC) vs. side light scatter (SSC). Debris and dead cells were
gated out from the FSC/SSC plot. CD3+ cells were first identified and further divided into
CD4+ and CD8+ cell populations. Isotype-matched control antibodies were employed to
determine the background of non-specific binding of antibodies. Blasting T cells were
identified based on size and granularity as described previously (Ogata et al., 2002) using
FSC/SSC analysis.

The gating strategy to define the Treg cells was similar except that the CD3+ cells were
identified using anti-CD3 staining, and these cells were then analyzed for CD4 expression,
and from this gate, the CD25 and FoxP3 expression was determined. For Th17 and Th1 cell
populations the same strategy was used except that the CD3+ cells were separated based on
CD4 expression and CD8 expression, and individual gates were drawn for CD4+ cells and
CD8+ cells, and both populations were further separated based on IFNγ and IL-17A
expression. CD4+IFNγ+ cells were defined as Th1 cells and CD4+IL-17A+ cells were
defined as Th17 cells. CD8+IFNγ+ cells were defined as Tc1 cells and CD8+IL-17A+ cells
were defined as Tc17 cells. The CD4+ and CD8+ populations were also separated based on
co-expression of IL-17A and CD161, or CD161 and CCR6.

The gating strategy to characterize CXCR4 and CCR5 was to first draw a gate lymphocytes
by FSC/SSC, and then gate a second population (blasting) which was brighter along the FCS
axis from the first gate (Ogata et al., 2002). The CD3+ non-blasting and blasting cells were
further separated based on CD4+ and CD8+ as described above. The CD3+CD4+ and
CD3+CD8+ non-blasting and blasting gates were further separated based on expression of
either CXCR4+ (CXCR4-PE-Cy7; BD Bioscience; clone 12G5) or CCR5+ (CCR5-PerCP-
Cy5.5; BD Bioscience; clone 3A9). Alternatively, CCR5 expressing cells were analyzed for
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the expression of β7 Integrin+ (β7 Integrin-APC; BD Bioscience; clone FIB504), and the β7
Integrin+ cells were sub-divided into high and low expressing populations.

2.6. Statistical Analysis
The data from individual animals were reported in the figures as an average +/− the standard
error of the mean (SEM). A Mann-Whitney test was used to determine statistical
significance between the zero time point and the post-treatment time points.

3. Results
3.1. Chronic morphine administration elevates circulating levels of Treg cells

In order to understand the effects of chronic morphine exposure on circulating T cell
dynamics, we evaluated the levels of Treg cells by multiparameter flow cytometry. PBMCs
were obtained from each of the animals four weeks prior to, and one day prior to initiation
of morphine exposure for baseline analysis. Immediately following the second baseline
bleed, the morphine administration protocol was initiated, and the animals received
morphine (5mg/kg) three times daily intravenously for the duration of the study. We initially
determined the total numbers of circulating total CD3+, CD4+, and CD8+ cells. The data
show that total CD3+, CD4+, CD8+ cells and the ratio of CD4 to CD8 cells were not
changed with the administration of morphine (data not shown). We then wished to
determine the levels of Tregs by measuring the frequency of FoxP3-positive cells within the
CD3+CD4+CD25+ population. The results (Fig. 1) show that the levels of CD25+FoxP3+
dual positive cells increased by approximately 5-fold by the end of the 12 week treatment.
On the other hand, the levels of CD25-positive, FoxP3-negative cells did not change at any
point following morphine treatment (data not shown).

3.2. Circulating Th1, Tc1, total Th17 and total Tc17 levels are not altered by chronic
morphine treatment

We conducted an analysis of the frequency of Th1 and Th17 T cell populations by analyzing
the frequency of IFNγ and IL-17A within CD3+CD4+ cells and CD3+CD8+ cells. The
results (Fig. 2a-c) show that the frequency of IFNγ+IL-17A− cells within the CD4+
population (Th1 cells) was not changed at any point following initiation of morphine
administration. Analysis of IFNγ+IL-17A− cells within the CD8+ population (Tc1 cells)
showed the same results (Fig. 2e-g). In addition, analysis of IFNγ-IL-17A+ cells within
either the CD4 population (Th17 cells; Fig. 2a-c) or the CD8 population (Tc17 cells; Fig. 2e-
g) also showed no statistically significant change following initiation of morphine treatment.
Finally, an examination of the IFNγ+IL-17A+ dual-positive cells within either the CD4 or
CD8 populations (Fig. 2a-c and e-g) also showed no change with morphine administration.
These dual-positive cells are possibly cells in transition from Th17 to Th1, although this not
currently clear (Annunziato et al., 2012).

3.3. Chronic morphine administration induces Th17 and Tc17 functional activity
We examined the level of expression of both IFNγ and IL-17A in the CD4 and CD8
populations using quantitative intracellular flow cytometry. These determinations are based
on the mean fluorescence intensity of IFNγ in the IFNγ+IL-17A− cells (Th1 and Tc1) or
IL-17A in the IFNγ-IL-17A+ cells (Th17 and Tc17). The results (Fig. 2d) show that the
level of IFNγ expressed by CD4 cells was not altered by morphine treatment, but the level of
expression of IL-17A was significantly increased at 12 weeks. Moreover, the level of
expression of IFNγ expressed by CD8 cells (Fig. 2h) was not significantly altered by
morphine treatment (except for a modest reduction at 8 weeks), while the level of expression
of IL-17A was significantly induced with morphine administration at 12 weeks. These
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results show that while the numbers of total Th17 and total Tc17 cells were not altered with
morphine treatment, the functional activity on a cell-by-cell basis was elevated with drug
administration.

3.4. The CCR6+ and CD161+ Th17 and Tc17 sub-populations are elevated with chronic
morphine administration

We examined the expression of the C-type lectin-like receptor, CD161, in the CD3+CD4+
and CD3+CD8+ populations since the expression of this marker in human T cells indicates a
memory phenotype as well as a cell type with gut-homing properties. Figures 3a and 3b
show the representative distribution of IL-17A and CD161 expression within CD3+CD4+
cells before and 12 weeks after morphine administration. The percentage of IL-17A
−CD161+ CD4 cells were determined and the results show that this cell population increases
nearly 3-fold over time (Fig. 3c) while IL-17A+CD161+ cells transiently increase by 4 week
with morphine administration and returns to baseline levels by 12 weeks (Fig. 3d). However,
the percentage of IL-17A+ cells that are negative for CD161 expression (Fig. 3c) does not
change with morphine administration. The functional activity of the IL-17A+ (Th17 cells)
was also measured by using mean fluorescence intensity for intracellular IL-17A expression.
The data in figure 3e shows that functional activity in the Th17 cells was increased 2-fold by
morphine administration independent of CD161 expression on these cells. Interestingly,
there was a transient decrease in functional activity in the IL-17A+CD161+ cells by 4 weeks
of morphine administration.

We also examined the distribution of IL-17A and CD161 expression within CD3+CD8+
cells with morphine administration (Fig. 4a and 4b). As with the Th17 cells, the results show
that the CD3+CD8+ T cells expressing CD161 with or without IL-17A expression were
increased 4- to 5-fold by morphine administration while the IL-17A+CD161− cells
remained unchanged (Fig. 4c and 4d). Similarly, analysis of the functional activity of the
Tc17 cells as measured by IL-17A expression was increased up to 2-fold, although not
significantly, with morphine treatment, independent of CD161 expression on these cells
(Fig. 4e).

Since human Th17 cells exhibit preferential expression of mucosal-homing chemokine
receptor CCR6, we examined the expression of CCR6 and CD161 by the Th17 and Tc17
cell populations (Fig. 5). The data show that both Th17 and Tc17 cells which express
CD161 increased 2- to 8-fold with morphine administration independent of CCR6
expression (Fig. 5b and 5d). On the other hand, the frequency of CD161-negative Th17 cells
were not changed significantly (Fig. 5a). However, Tc17 cells lacking both CCR6 and
CD161 expression were reduced, although not significantly, following morphine
administration (Fig. 5c). Taken together, these results show that chronic morphine
administration increases the percentages of circulating Th17 and Tc17 cells with
characteristics of mucosal homing.

3.5. Chronic morphine administration alters CXCR4 and CCR5 expression by CD4+ and
CD8+ T cells

We analyzed CXCR4 and CCR5 expression by both blasting and non-blasting CD4+ and
CD8+ T cells. The percentage of T cells expressing CXCR4 was reduced significantly
regardless of CD4 or CD8 expression, or blasting versus non-blasting status, with chronic
morphine administration (Fig. 6a and 6c). However, the percentage of T cells (blasting or
non-blasting) expressing CCR5 was increased steadily over time in the CD8+ T cells but
only transiently increased in the CD4+ T cells with morphine administration (Fig. 6b and
6d). A closer examination of CXCR4 expression within the CCR5+ T cell populations also
shows a transient increase in the percentage of this cell population which returns to baseline
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levels in the blasting population or reduced levels in the non-blasting population with
morphine administration (Fig. 6e). The frequency of a smaller fraction of the CCR5+CD4+
T cells which do not co-express CXCR4 exhibit a modest increase with morphine
administration, although this was not statistically significant (Fig. 6f). Finally, the
percentage of CD8+ T cells expressing CCR5 increased independent of CXCR4 co-
expression (Fig. 6g and 6h). However, the increase was more dramatic in the CD8+CCR5+
T cells that did not co-express CXCR4 (Fig. 6h).

An analysis of CCR5 expression by T cells expressing high levels of β7 integrin was
performed, and the results show that the percentage of CD4+ T cells co-expressing high β7
integrin and CCR5 was not significantly altered with morphine administration in blasting
cells, but was transiently increased in the non-blasting population (Fig. 7a). This specific
phenotype of high β7 integrin and CCR5 expression is reported to represent a highly HIV-1
susceptible T cell population (Cicala et al., 2009). In contrast, CD8+ T cells with high β7
integrin and CCR5 expression also increased significantly over time in both the blasting and
non-blasting populations (Fig.7b). These results show that chronic morphine treatment can
alter the expression of CCR5 and CXCR4 on a variety of T cell populations.

4. Discussion
Immune competence is dependent on the interplay between the individual sub-populations
of effector and regulatory T cells, and it is important to understand the influence of chronic
exposure to μ-opioid drugs of abuse on the circulating levels of each of these T cell
components. While the overall immunomodulatory effects of opioids are well described, the
effects of opioids on T cell population dynamics are much less certain, particularly for
humans or non-human primates. In general, studies on patients receiving acute opioid post-
operative therapy have shown little effect on the total numbers of circulating T cells, or the
CD4/CD8 ratio (Hashiguchi et al., 2005; Volk et al., 2004; Yokoyama et al., 2005).
However, analysis of a cohort of patients receiving general anesthesia with fentanyl showed
a rapid reduction in circulating T cells with an increase in the CD4/CD8 ratio, 20 min
following anesthesia but prior to surgery (Brand et al., 2003). In contrast, analysis of
subjects subjected to chronic opioid treatment has yielded much less consistent results.
Analysis of peripheral blood from heroin addicts showed a reduction in circulating CD4 T
cells, a reduced CD4/CD8 ratio, and an increase in CD8 cells (Donahoe et al., 1987;
Govitrapong et al., 1998). However, disparate results have been reported which show that
the circulating CD4/CD8 ratio is not significantly altered in heroin addicts (Novick et al.,
1989). Finally, there is some evidence suggesting that chronic exposure of non-human
primates to morphine results in reduced circulating levels of CD4 and CD8 T cells and a
reduction in the CD4/CD8 ratio (Carr France, 1993; Donahoe et al., 2001). These latter
studies were conducted with a different dosing regimen, and treatment duration, and this
may account for the difference between their results and those presented here. Nevertheless,
in the present study we failed to detect a significant change in the circulating levels of total
CD4 or CD8 cells, or the CD4/CD8 ratio, following chronic morphine administration. Our
results are consistent in this case with data reported for macaques receiving morphine 4
times daily for 3 months (Weed et al., 2006).

We wished to examine the effects of chronic morphine administration on the population
dynamics of individual CD4 and CD8 T cell sub-populations. First we examined the
circulating levels of Treg cells, and our results showed that exposure to morphine for 90
days results in a significant up-regulation of this sub-population. To our knowledge, this is
the first report which characterizes the effect of chronic exposure to morphine on circulating
Treg population dynamics. Treg cells are essential for the control of immune
responsiveness, and the dysfunction of these cells results in potentially fatal autoimmune
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disease, chronic inflammatory disease, immunopathology and allergy (Sakaguchi et al.,
2008; Sakaguchi et al., 2010). Treg cells can influence the function of the CD8 T cells, B
cells, NK cells, dendritic cells and macrophages (Fields et al., 2005; Ghiringhelli et al.,
2005; Green et al., 2003; Ito et al., 2008; Lim et al., 2005; Liu et al., 2011; Piccirillo et al.,
2001; Tiemessen et al., 2007). It is clear that these cells also regulate the activity of CD4
effector T cell subpopulations as well, but there appears to be a hierarchy in the
susceptibility of these cells to the influence of Treg cells. Recent studies suggest that Th1
cells are the most susceptible to Treg control, Th2 cells are less strongly regulated and Th17
cells are largely insensitive to Treg control (Annunziato et al., 2007; Huter et al., 2008;
Stummvoll et al., 2008; Van et al., 2009). The greater sensitivity of Th1 cells to Treg control
is interesting in light of reports which indicate that morphine and heroin administration
induce a Th2-shift of the immune response (Azarang et al., 2007; Gao et al., 2012; Roy et
al., 2001).

Our results showed that circulating Th1 and Th17 numbers were not significantly altered by
chronic morphine administration. However, we did observe that the functional activity of
Th17 cells, based on the production of IL-17A, was significantly increased. This population
of effector T cells exerts pro-inflammatory effects, can contribute to autoimmune and other
chronic inflammatory disease states, and can contribute significantly to host defense against
infectious agents (Annunziato et al., 2012;Dong, 2009). Our results are somewhat surprising
given previous reports showing that morphine administration to mice resulted in reduced
dendritic cell IL-23 expression, and γ/δ T cell IL-17A production (Ma et al., 2010; Wang et
al., 2011). The difference in results here may reflect the shorter duration of morphine
treatment, and the difference in species. Nevertheless, our results also show a significant
increase in the functional activity of Tc17 cells following chronic morphine administration,
a population of cells which appears to arise under similar influences as those described for
the Th17 population. For example, the development of Tc17 cells is STAT3-dependent, and
develops from CD8-precusor cells in the periphery in response to IL-23 (Curtis et al., 2009;
Yen et al., 2009). Tc17 cells have been reported to mediate protective immunity to both
vaccinia and influenza virus infection, participate in anti-tumor immunity in hepatocellular
carcinoma patients and a murine model of melanoma, promote autoimmunity in
experimental autoimmune encephalitis, and regulate disease progression during pathogenic
SIV infection (Garcia-Hernandez et al., 2010; Hamada et al., 2009; Huber et al., 2009;
Kuang et al., 2010; Nigam et al., 2011; Yeh et al., 2010). It appears that Tc17 cells mediate
weaker cytotoxic activity than classical Tc cells, but produce more pro-inflammatory
mediators including TNFα, IL-21, IL-22, CCL5 and CXCL10 (Garcia-Hernandez et al.,
2010; Kuang et al., 2010). However, a full understanding of the role of these cells in the
immune response remains to be established.

Subpopulations of Th17 and Tc17 cells have been identified, and we examined the levels of
CD161-expressing subsets of these effector T cell populations. Our results showed that
morphine treatment increased the circulating numbers of CD161+ Th17 and Tc17 cells, and
increased the functional activity, particularly for the Th17 population, as well. CD161 is a
C-type lectin-like receptor that is also expressed by subsets of NK cells (Lanier et al., 1994).
The contribution of CD161 to the function of Th17 and Tc17 cells is not fully understood,
but it has been suggested that CD161 is a marker for memory Th17 cells at sites of
inflammation (Cosmi et al., 2008). However, CD161 appears to promote the transendothelial
migration of Th17 and Tc17 cells at sites of inflammation by virtue of binding acidic
oligosaccharides on the endothelial cell surface (Bezouska et al., 1994). CD161 appears to
contribute to the tissue-homing properties of both Th17 and Tc17 cells, based on work
showing gut-homing of CD161+ Th17 cells in patients with Crohn’s disease (Kleinschek et
al., 2009), and liver- and joint-homing of CD161+ Tc17 cells in patients with hepatitis C
virus infection and arthritis, respectively (Billerbeck et al., 2010). Finally, CD161+ Th17
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cells exhibit profound depletion following HIV infection, and it has been suggested that this
may impair mucosal immunity given the gut-homing properties of this T cell subpopulation
(Guillot-Delost et al., 2012; Prendergast et al., 2010).

Our results also show that morphine substantially increases circulating levels of CD161+
Th17 and Tc17 cells that express CCR6. Like CD161, CCR6 defines a subset of Th17 cells
that promote gut-homing, and CCR6+ Th17 cells appear to play a prominent role in HIV
infection by contributing to the dissemination of HIV from the portal site of entry. In
addition, CCR6+ Th17 cells are highly permissive to HIV infection, and circulating levels of
CCR6+ Th17 cells are substantially diminished in chronically HIV-infected subjects despite
viral-suppressive drug therapy (El et al., 2010; Gosselin et al., 2010). These results would
suggest the possibility that morphine augments circulating levels of a cell population that is
most likely to serve as a target for HIV infection, and allows the opioid to promote the
traffic of virally-infected cells to the gut.

Recent reports suggest that CD4+ T cells that co-express the integrin α4β7 and CCR5 are
highly susceptible to HIV infection (Cicala et al., 2009). Indeed, it is apparent that integrin
α4β7 binds to HIV-1 gp120, and together with CD4 and CCR5, forms a complex with the
viral envelope glycoprotein (Arthos et al., 2008; Cicala et al., 2009). Moreover, engagement
of integrin α4β7 by gp120 initiates a signaling cascade which leads to the rapid activation of
LFA-1, the central integrin involved in the establishment of viral synapses, and promotes the
cell-cell spreading of HIV-1 (Arthos et al., 2008; Bromley et al., 2001; Piguet et al., 2004).
The results reported here show that morphine does not alter the levels of circulating total
CD4 or CD8 T cells which express integrin α4 β7. However, our studies show that chronic
morphine administration results in a significant up-regulation of CCR5 expression on the
integrin α4β7-positive CD8 T cells. The role of these cells in the immune response is not
clear, although integrin α4β7 promotes gut-homing, and these cells would be expected to
exert a pro-inflammatory influence in this tissue site.

Finally, our previous studies showed that acute administration in vitro to human PBMCs
resulted in a significant induction of both CCR5 and CXCR4 by blasting T cells, and these
cells were significantly more susceptible to infection with HIV-1 following treatment with
either DAMGO or morphine (Steele et al., 2003). The results reported here extend these
earlier studies and show that chronic morphine administration results in a modest induction
of CCR5 by CD4 T cells, with a substantial up-regulation of CCR5 by CD8 T cells.
However, in contrast to our earlier results with acute morphine treatment, in our present
studies chronic morphine administration resulted in a substantial drop in CXCR4 expression
by both CD4 and CD8 T cells. Both of these chemokine receptors possess pro-inflammatory
activity for the immune system, and CXCR4 exerts critical homeostatic functional activity
particularly for the brain, cardiovascular and immune systems. Our results suggest that
chronic morphine exposure may exert opposing influences on the immune system by virtue
of up-regulation of CCR5 and down-regulation of CXCR4. Taken together, the present
studies show that chronic morphine administration exerts significant effects on the levels
and functional activity of several T cell sub-populations, and the shift in circulating T cell
dynamics would be expected to contribute to the immunomodulation observed following
chronic opioid abuse.
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Highlights

• • Chronic morphine administration induces an increase in circulating Treg cells

• Morphine administration up-regulates Th17 functional activity

• Morphine administration increases circulating T cells with gut-homing activity

• Morphine increases the expression of CCR5, particularly for CD8 T cells

• Morphine reduces the expression of CXCR4 by T cells
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Fig. 1.
Chronic morphine exposure increases the level of circulating Treg cells. Rhesus macaque
PBMCs were stained for cell surface expression of CD3 (PacBlue), CD4 (Qdot605), and
CD25 (APC-Cy7) followed by intracellular staining for FoxP3 (APC). Representative data
for the co-expression of CD25 and FoxP3 (a, b) on CD3+CD4+ cells for animals at 0 week
(a) and 12 weeks (b) of morphine administration are presented. The combined results for all
of the macaque animals (5 animals) are presented as the percent of CD3+CD4+ which are
CD25+FoxP3+ dual-positive cells (c). Data are presented as the mean (± sem) for the 5
animals. **p<0.01.
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Fig. 2.
Chronic morphine exposure increases the functional activity of Th17 and Tc17 cells. Rhesus
macaque PBMCs were stained for cell surface expression of CD3 (Alexa700), CD4
(Qdot605), and CD8 (Qdot655) followed by intracellular staining for IFNγ (FITC) and
IL-17A (Alexa647). Representative data for Th1 and Th17 CD4+ cells (a, b), and Tc1 and
Tc17 CD8+ cells (e, f) for animals at 0 week (a, e) and 12 weeks (b, f) of morphine
administration are presented. The pooled results for the full macaque panel (7 animals) are
presented as the percent positive IFNγ + (▼), IL-17A + (●) and IFNγ +IL-17A + (■) for
CD4+ cells (c) and CD8+ cells (g). The level of intracellular cytokine expression was also
determined for the CD4+ (d) and CD8+ subpopulations (h) and is expressed as mean
fluorescence intensity (MFI). Data are presented as the mean (± sem) for the 7 animals.
*p<0.05; **p<0.01
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Fig. 3.
Morphine increases expression of CD161 by CD4+ T cells. Rhesus macaque PBMCs were
stained for cell surface expression of CD3 (Alexa700), CD4 (Qdot605), and CD161 (PerCP-
Cy5.5) followed by intracellular staining for IL-17A (Alexa647). Representative data for the
co-expression of CD161 and IL-17A within the CD3+/CD4+ T cells for animals at 0 week
(a) and 12 weeks (b) of morphine administration are presented. The pooled results for the
full macaque panel (7 animals) are presented as the percent positive IL-17A−CD161+ (■)
and IL-17A+CD161− (▼) and IL-17A+CD161+ (●) for CD4+ cells (c, d). The level of
intracellular cytokine expression was also determined for the IL-17A+CD161− (●) and
IL-17A+CD161+ (▼) and is expressed as mean fluorescence intensity (MFI) (e). Data are
presented as the mean (± sem) for the 7 animals. *p<0.05; **p<0.01
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Fig. 4.
Morphine increases expression of CD161 by CD8+ T cells. Rhesus macaque PBMCs were
stained for cell surface expression of CD3 (Alexa700), CD8 (Qdot655), and CD161 (PerCP-
Cy5.5) followed by intracellular staining for IL-17A (Alexa647). Representative data for the
co-expression of CD161 and IL-17A within the CD3+CD8+ T cells (a, b) for animals at 0
week (a) and 12 weeks (b) of morphine administration are presented. The pooled results for
the full macaque panel (7 animals) are presented as the percent positive IL-17A−CD161+
(■) and IL-17A+CD161− (▼) and IL-17A+CD161+ (●) for CD8+ cells (c, d). The level of
intracellular cytokine expression was also determined for the IL-17A+CD161− (●) and
IL-17A+CD161+ (▼) and is expressed as mean fluorescence intensity (MFI) (e). Data are
presented as the mean (± sem) for the 7 animals. *p<0.05; **p<0.01
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Fig. 5.
Both CCR6+CD161+ and CCR6−CD161+ T cells are elevated following morphine
administration. Rhesus macaque PBMCs stained for cell surface expression of CD3
(Alexa700), CD4 (Qdot605), CD8 (Qdot655), CD161 (PerCP-Cy5.5), and CCR6 (V450)
followed by intracellular staining for IFNγ (FITC) and IL-17A (Alexa647). Multicolor flow
cytometric analysis was performed and the expression of IFNγ and IL-17A was used to
identify Th17 (a, b) and Tc17 (c, d) subpopulations. The results are presented as the percent
of CCR6−CD161− (◆), CCR6+CD161− (■), CCR6+CD161+ (▼), and CCR6−CD161+ (●)
cells. Data are presented as the mean (± sem) for the 7 animals. *p<0.05; **p<0.01
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Fig. 6.
Chronic morphine administration alters CXCR4 and CCR5 expression by CD4 and CD8 T
cells. Multicolor flow cytometric analysis was performed and the expression of CCR5
(PerCP-Cy5.5) and CXCR4 (PE-Cy7) expression on CD3+CD4+ (a, b) and CD3+CD8+ (c,
d) cells that were either blasting (●) or non-blasting (■). The results are presented as the
percent positive of total CXCR4+ (a, c), total CCR5+ (b, d), CXCR4+CCR5+ (e, g), and
CXCR4−CCR5+ (f, h). Data are presented as the mean (± sem) for the 5 animals. *p<0.05;
**p<0.01
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Fig. 7.
Chronic morphine administration increases CCR5 expression by β7 InterginHi CD8 T cells.
Multicolor flow cytometric analysis was performed and the expression of CCR5
(PerCPCy5.5) on CD3+CD4+β7 IntegrinHi (a) or CD3+CD8+β7 IntegrinHi (b) cells was
determined. The results are presented as the percent of CCR5+ cells on either blasting (●) or
non-blasting (■) T cells within the β7 IntegrinHi (APC) populations. Data are presented as
the mean (± sem) for the 5 animals. *p<0.05; **p<0.01.
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Table 1

Flow cytometry panel description.

Panel FITC PerCP-
Cy5.5

PE-Cy7 APC Alexa700 APC-
Cy7

Pacific
Blue

Qdot-
605

Qdot-
655

Treg Fox P3 CD25 CD3 CD4

Th/Tc IFNγ CD161 IL-17A CD3 CCR6 CD4 CD8

CCR5/CXCR4 CCR5 CXCR4 β7 CD4 CD3 CD8

Integrin

Abbreviations: FITC: fluorescein; PerCP: peridinin-chlorophyll; PE: phycoerythrin; APC: allophycocyanin; Qdot: quantum dot.
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