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Abstract

The interactions between the immune and nervous systems are very complex, and yet our

understanding of these interactions is still relatively limited. The neuroinflammatory reaction that

can accompany HIV infection occurs because of a cascade of events that appears to require the

migration of HIV-infected cells across the blood–brain barrier. In susceptible individuals, this

leads to inflammatory processes which can include substantial changes in neuronal function. It is

possible to consider the inflammatory events to be composed of two essential processes. The first

process is cellular traffic, and the second, is the expression and recognition of the various pro-

inflammatory and/or toxic mediators. The added complication of drug abuse adds complexity to

the traffic and mediator release events, and depending on the specific drug being abused, the

disease can be exacerbated in these individuals. An understanding of the fine details of these

mediator and traffic processes should provide useful targets for therapeutic intervention to

attenuate disease associated with HIV infection.
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Introduction

This review is intended to provide a framework for instruction in the area of neuroimmune

pharmacology. This overview is not intended as an in depth discussion of each area of the

immune system that might be involved in the pharmacology of the interactions of the

nervous and immune systems. Rather, the intention is to provide a description of selected

critical areas of immunology that are particularly relevant to the field of neuroimmune

pharmacology. A set of references is provided at the end of this review which should allow

for more depth into the various aspects of immunity that are discussed. The author of this

review is engaged in studies on the function of the immune system as it intersects with the

nervous system, and as such, he is also a “student” of this area. Students at every level will

hopefully find this discussion of selected areas of immunology to be helpful in either

© Springer Science+Business Media, LLC 2010

T. J. Rogers rogerst@temple.edu.

Conflict of Interest Disclosure The author has neither a financial nor a personal relationship which might bias this work.

NIH Public Access
Author Manuscript
J Neuroimmune Pharmacol. Author manuscript; available in PMC 2014 April 21.

Published in final edited form as:
J Neuroimmune Pharmacol. 2011 March ; 6(1): 20–27. doi:10.1007/s11481-010-9247-2.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



teaching, or additional learning, in the field of neuroimmune pharmacology (Ikezu and

Gendelman 2008; Gendelman et al. 2005).

The field of immunology is very broad, and it is important to touch on subject areas that are

relevant to this sub-field. It is important to keep in mind that this sub-field is rapidly

expanding and becoming more diverse. Consequently, the subject matter that will be

discussed will almost certainly fall short of the field as it grows over time. Boyle’s law

indicates that a body cools as it expands, and yet it appears certain that the field of

neuroimmune pharmacology is becoming very “hot” (at least in terms of the research that is

being carried out). In order to obey Boyle’s law, the number of investigators working in this

area must be growing (increasing the volume of research), in order for the temperature to

continue to rise.

The immune response has both “innate” and “acquired” components, and it is becoming

apparent that these components have considerable overlap. The innate defense system is

composed of phagocytic cells (e.g., neutrophils and monocytes in the blood), anatomic

barriers to infection (e.g., skin and mucous membranes), and physiological or chemical

barriers (low pH, lysozyme, and body temperature). One of the consequences of the innate

immune system is the inflammatory response. Inflammation is a complex process involving

most of the cells of the immune system, mediators released from these cells, the

participation of structural cells including endothelial cells and epithelial cells, and

chemoattractant molecules produced by various cells (Segal 2005; Soehnlein and Lindbom

2010; Luo et al. 2007; Barton and Kagan 2009; Watts 2005; Sims and Smith 2010; Dinarello

2009). The inflammatory response also involves the activation of leukocytes through one or

more pattern recognition receptors, and the most critical of these proteins are the toll

receptors (Barton and Kagan 2009). These receptors typically recognize a particular

chemical structure that is a microbial product, and the activation of toll receptors leads to the

induction of leukocyte function. In an inflammatory response induced by microbial

infection, the activation of leukocyte functional activity often leads to a protective immune

response.

Acquired or “adaptive” immunity is a response that is specific for the antigen, and requires

the interactions of antigen-presenting cells (e.g., dendritic cells) and T cells. This interaction

typically leads to the activation of T cells, and once activated, a sub-population of T cells is

able to “help” B cells differentiate into antibody-producing plasma cells. There are multiple

sub-types of T cells, and these can be partially defined on the basis of the proteins that each

population express on their cell surface (e.g., CD4 or CD8), or the cytokines that each sub-

type produces (Castellino and Germain 2006; Zhu et al. 2010). The T cells which are

initially stimulated by antigen-presenting cells express CD4, and produce cytokines that

assist or “help” B cells become activated antibody-producing cells. These CD4-expressing T

cells also help CD8-expressing T cells to become activated, and differentiate into T cells

which have cytotoxic or “killer” or “cytotoxic” activity (Castellino and Germain 2006).

Finally, the CD4 cells are actually composed of multiple sub-populations which differ on the

basis of the collection of cytokines that these cells produce (Zhu et al. 2010; Belkaid and

Tarbell 2009; Sakaguchi et al. 2010). For example, “TH1” cells have pro-inflammatory

activity, and produce cytokines including interferon-γ (IFNγ) and interleukin (IL)-2.

Rogers Page 2

J Neuroimmune Pharmacol. Author manuscript; available in PMC 2014 April 21.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



However, the strongest pro-inflammatory CD4 T cell sub-population is referred to as

“TH17” because these cells produce IL-17, along with several other pro-inflammatory

cytokines. These sub-populations are activated in certain physiological situations, and have

the potential to play a substantial role in the immune response.

An analysis of the literature suggests that the growth in interest in the area of neuroimmune

pharmacology is due, in large part, to increased activity by investigators who are involved in

studies in one (or more) of three areas: first, investigators interested in the effects of drugs of

abuse on the immune system; second, those interested in the neurological consequences of

HIV infection (or other diseases which have a component of neurodegeneration); and third,

those interested in the role of the immune response in the etiology of pain. An important

underlying consideration for these areas of research is the nature of the interactions between

the immune and nervous systems. These interactions primarily occur at two fundamental

levels; first, through the production of various mediators (cytokines, chemokines,

neuropeptides, neurotransmitters, etc.), and their regulation of the functions of both immune

and neuronal cells (Randolph et al. 2008; Woodland and Kohlmeier 2009; Auffray et al.

2009; Martinez et al. 2009; Pollard 2009; Geissmann et al. 2010; Ma et al. 2006;

Theofilopoulos et al. 2005; Cyster 2005; Allen et al. 2007; Zhang and Oppenheim 2005);

and second, through the ability of cells of the immune system to traffic in and out of the

central nervous system (Roberts et al. 2010; Banks and Erickson 2010; Persidsky and

Poluektova 2006; Persidsky et al. 2006). In other words: “Mediators and Traffic.” Of course,

there are a number of additional issues that contribute to the interplay of neuronal cells and

leukocytes, but these events tend to be at least somewhat secondary.

Mediators

There are literally hundreds of mediators that contribute to the function of the immune

system. It has become very clear that receptors for many of these “immune” mediators also

are expressed by neuronal cells. The expression of these receptors on both neuronal and

immune cells provides the basis for the ability of the immune system to influence the

function of the nervous system. In addition, we now know that mediators previously thought

to be primarily neuronal, are recognized by receptors expressed on one or more types of

immune cells. This includes receptors for the μ-, κ-, and δ-opioids, and there is now a

substantial literature which documents the function of opioid receptors in the function of the

immune system (Finley et al. 2008; Bidlack et al. 2006; Eisenstein et al. 2006; Machelska

and Stein 2006; Molina 2006). As such, these receptors are prime targets for the effects of

the opioid drugs of abuse, and the capacity of these receptors to modulate immune and

neuronal cell function is an important considerations for the study of drugs of abuse (Cabral

and Griffin-Thomas 2009; Klein and Cabral 2006; Ferris et al. 2008; Ugen and Nyland

2006; Achur et al. 2010; Szabo and Mandrekar 2009).

It is helpful to classify these mediators in various ways in order to associate the activities of

the mediators with a particular aspect of immune or neuronal function. For example, a

number of immune mediators are participants in (or promote) inflammatory reactions, and as

such, are classified as “pro-inflammatory.” Several of the receptors for the pro-inflammatory

mediators are expressed by neuronal cells, including both IL-1 and TNFα, and as one might
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expect, these mediators are critical participants in neuroinflammatory disease states (Watts

2005; Sims and Smith 2010; Dinarello 2009). Moreover, we are now learning that these

mediators can participate in the regulation of “normal” neuronal function.

As we move ahead, it is important to consider the broader activities of mediators, and

understand that these important molecules have functional activities outside of a single

specific interest area. The study of mediators is an essential element of both immunology

and neuroscience, and the study of the mechanisms of action of the mediators is important in

both fields. Moreover, the biochemical and molecular basis for mediator action in

leukocytes can provide valuable insights for the mechanisms of action in neuronal cells, and

vice versa. It is common to organize mediators in a systematic manner in order to ease the

learning experience in the classroom. The following organization might be considered as a

part of the classification of mediator activity.

1. Proinflammatory. Examples: IL-1, TNF-α, IL-6, and IL-17.

2. Anti-inflammatory. Examples: IL-10 and TGF-β.

3. Chemoattractants. Examples: CCL2, CCL5, CXCL10, and CX3CL1, and their

critical receptors CCR2, CCR5, CXCR3, and CX3CR1.

4. Cellular activators. Examples, IFN-γ and IL-2.

5. Cell and tissue homeostasis or development. Examples, CXCL12 and IL-7.

It should be understood that there is considerable overlap among the mediators with this

organization (Watts 2005; Sims and Smith 2010; Dinarello 2009; Cyster 2005; Allen et al.

2007; Zhang and Oppenheim 2005). For example, CCL2 is a chemoattractant, and like IL-8,

is very pro-inflammatory. Moreover, several mediators can express distinct activities

depending on the cell population. A good example is TGF-β, an extremely pleotropic

cytokine. One might consider including some discussion of why mediators have a given set

of activities in one particular set of cells, but not others. This is particularly relevant to an

understanding of the diversity of actions of mediators in the CNS when compared with the

peripheral immune system. For example, the chemokine CXCL12 is a potent

chemoattractant for leukocytes and regulates the movement of immature leukocytes out of

the bone marrow. However, in the brain, this chemokine can regulate the inflammatory

response to certain HIV products.

It is important to provide a discussion of mediators to students in a digestible form. In a

discussion of mediators which participate in neuroinflammatory disease states it may be a

mistake to attempt to exhaustively discuss every pro-inflammatory mediator. An alternative

approach would be to discuss the major participants in certain disease states, and allow for

the fact that inevitably a number of other molecules are almost certain to make an additional

contribution (either positive or negative). It is particularly important to include a discussion

of the essential attributes of immune mediators. These include synergy (the ability of two or

more mediators to induce an effect which is much greater than the additive effects of the

individual mediators alone), pleiotropy (the ability of a single mediator to act on multiple

cellular targets to induce distinct actions), and redundancy (the ability of two or more

mediators to induce a given activity on a target cell).
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Perhaps the most important lesson in a discussion of mediators is the fact that in nature,

mediators are never alone. Even though researchers typically study one mediator at a time,

mediators always are present in a complex mixture of other mediators (plus other

biologically active “stuff”). How a mediator works when it is present without other

mediators in a laboratory setting is informative, but it falls short of recapitulating the true

biologically relevant condition. In addition, the functional activity of a given

chemoattractant can be affected by the local anatomical environment. For example, the

capacity of a leukocyte to migrate is dependent on the presence of adhesion molecules, in

addition to other chemoattractants that are also present (Randolph et al. 2008; Woodland and

Kohlmeier 2009). This results in a great deal of diversity when comparing the migration of a

leukoctye out of blood vessels, as opposed to migration within the brain (or the brain when

infected with HIV, or exposed to drugs of abuse, etc.).

Traffic

The immune system is dependent on cellular traffic for normal functional activity. In fact, it

is unlikely that an acquired immune response is possible in the absence of leukocyte traffic

(Belkaid and Tarbell 2009; Sakaguchi et al. 2010). This requirement for cellular

mobilization appears to be a critical distinction with the functional activity of the nervous

system. The generation of a neuroinflammatory response typically requires the transit of

leukocytes across the blood–brain barrier (BBB). The cellular and biochemical nature of the

function of the BBB is an area of intense study at this time, because of the obvious role of

this structure in the development of neuroinflammatory diseases such as multiple sclerosis

and AIDS encephalitis (Roberts et al. 2010; Banks and Erickson 2010; Persidsky and

Poluektova 2006; Persidsky et al. 2006). The capacity of cells to pass the BBB is based on

several factors, but most prominently, the function of chemoattractant mediators and the

expression and activation of adhesion molecules on the surfaces of leukocytes and

endothelial cells.

Our current understanding of neuroinflammation suggests that neuronal cells are a source of

chemokines such as CCL2 and IL-8, and these chemoattractants promote the traffic of

leukocytes across the BBB. Once present within the brain, these leukocytes may take up

residence within brain tissue, and then serve as an additional source of chemokines and other

pro-inflammatory mediators (Rivest 2009; Gonzalez-Scarano and Martin-Garcia 2005;

McMichael et al. 2010; Hauser et al. 2007). This can serve as a self-perpetuating

inflammatory stimulus, and in addition, increase the potency and complexity of the mediator

mixture. In addition, these leukocytes also serve as a potential source of mediators which

can influence the function of neuronal cells. This is a particularly important consideration

because these influences can be very complex. For example, the release of pro-inflammatory

cytokines from brain-resident leukocytes can influence the function of microglial cells and

promote the release of additional pro-inflammatory mediators (Rivest 2009). Moreover,

neurons can respond directly to cytokines such as IL-1 and TNFα, and neuronal function

may be altered by this change in the microenvironment. Recent research suggests that the

release of chemokines within the brain can result in substantial alterations in the activity of

neurons (Rivest 2009; Hauser et al. 2007).
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A discussion of traffic should include mention of the important immunological paradigms

related to T cell function. Specifically, it is increasingly apparent that both TH1 and TH17

immunity are important considerations for neurodegenerative diseases. Here again, the

relevant mediators that characterize these two types of T cell function should be included in

any discussion of the intersection of the immune and nervous systems (Roberts et al. 2010;

Banks and Erickson 2010). Much more needs to be learned regarding the combination of

chemoattractants and adhesion molecules which specifically direct the traffic of TH1 and

TH17 cells across the BBB or other sites of inflammation. An examination of these issues

should prove to be an exciting area of future research.

Issues related to HIV infection

There are a number of immunological issues which are relevant to a meaningful discussion

of the interactions between the immune and nervous systems in the context of HIV infection.

Here again, many of these issues can be considered issues of “Mediators and Traffic.” First,

the attachment of HIV-1 to monocytes/macrophages and T cells is dependent on the

expression of the viral receptor CD4, as well as one or more co-receptor which is most often

either CCR5 or CXCR4. Of course the latter proteins also are chemokine receptors, and the

fact that the immune system and the virus both use these receptors presents interesting issues

for the response to the infection (Gonzalez-Scarano and Martin-Garcia 2005; McMichael et

al. 2010). On the one hand, the capacity of leukocytes to produce chemokine ligands for the

co-receptors presents a double-edged sword for the virus. Leukocytes at sites of

inflammation produce substantially increased levels of chemokines such as CCL2, CCL3,

and CCL5, and these are all ligands for CCR5. The production of these chemokines could

inhibit virus infection of monocytes and macrophages by blocking viral attachment to

CCR5. It is particularly interesting that HIV-1 infection itself induces the expression of

these (and other) chemokines (Gonzalez-Scarano and Marin-Garcia 2005). On the other

hand, the production of these chemokines at sites of infection will likely attract uninfected

cells that also express CCR5 and are susceptible to infection. This may be a means by which

the virus has evolved a strategy for spread of the infection by actively attracting uninfected

susceptible target cells to anatomical sites where the virus is being produced.

Cells that are either infected by HIV, or are activated as a part of the immune response

against the virus, can produce a number of mediators in addition to the CCR5 ligands just

mentioned. These mediators include other chemokines, pro-inflammatory cytokines, and

products of oxidative metabolism. The release of these mediators at sites of infection can

promote tissue damage, as in the case of HIV-induced encephalitis (Gonzalez-Scarano and

Martin-Garcia 2005; McMichael et al. 2010). These mediators can also induce the

production of additional pro-inflammatory mediators and the potentially self-perpetuating

response as described previously. Moreover, among the mediators that are produced during

HIV infection is IFNγ, a cytokine with potent anti-viral activity. HIV has evolved multiple

biochemical mechanisms to prevent the antiviral activity of IFN, and this is important when

considering the nature of the immune response during HIV infection.

Finally, the development of neuroinflammation and degeneration associated with HIV

infection is related directly to the process of leukocyte trafficking. As mentioned previously,
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the production of chemokines such as CCL2, largely by microglial cells, promotes the transit

of HIV-infected monocytes across the BBB (Roberts et al. 2010). These monocytes rapidly

differentiate into macrophages and take up residence in the perivascular space. These cells

release the virus, which spreads to susceptible microglial cells, and this provides an

additional source of infectious virus. The release of viral products, including gp120 and tat,

influences the function of neuronal cells directly, leading to altered function and/or damage

of neurons, activation of microglia and astrocytes, and the subsequent release of mediators

which can further damage neuronal tissue. This neurodegeneration demonstrates the

cooperation between the virus, the cells of the peripheral immune system, and neuronal

cells. Each of the cells in this process are “activated” by both viral products and cellular

mediators, and each cell in turn actively extends the cascade by releasing additional

mediators. The process eventually leads to alterations in the function of neurons, potentially

leading to altered cognitive ability (Kraft-Terry 2010).

Drugs of abuse

A substantial portion of HIV-infected individuals also abuse drugs, and the complex

interplay between the virus, and the immune and nervous systems is complicated in these

individuals by the added influences of these drugs. Moreover, in almost all cases, the abuse

involves more than a single drug, making the situation much more complicated. Let us

consider the situation which occurs with opioid abuse. The opioid drugs are well

documented to manifest a broad array of effects on the functional activities of the cells of

the immune system (Finley et al. 2008; Bidlack et al. 2006; Eisenstein et al. 2006;

Machelska and Stein 2006; Molina 2006). For example, the μ-opioids (including morphine)

are documented to induce the expression of both CCR5 and CXCR4 on both monocytes and

T cells. In addition, these opioids also stimulate the production of a number of chemokines,

including those that are ligands for CCR5. (The potential influence of the production of

these chemokines on the response to HIV was discussed above.) Studies are currently

ongoing to determine whether the opioid modulation of chemokine and chemokine receptor

expression influences the progression of disease following HIV infection. It will be very

interesting to determine whether there is a change in the development of neuroinflammation

and neurodegeneration following HIV infection in those individuals with opioid abuse.

Conclusions

This overview is intended to provide a discussion of the nature of the interactions between

the immune and nervous systems that are relevant during HIV infection, and the added

complications that arise with drug abuse. It is suggested that two basic phenomena,

mediators and traffic, are critical for the intersection between the immune system, the virus,

the nervous system, and drugs of abuse. As one formulates an educational program that is

relevant to these issues, it is recommended that several fundamental events should be points

of emphasis. These events are summarized in Fig. 1, and a series of lectures might be

organized to cover these events as a prelude to more specific and detailed lectures (or more

advanced coursework) that cover additional topics of neuroimmune pharmacology.
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It should be apparent that the interactions of the immune and nervous systems are very

complex, and we are only now at an early point in an appreciation of the extent of these

interactions. Our current understanding of how these systems interact has historically been

guided largely by studies of certain disease states where the two systems are important. This

has included research using models of multiple sclerosis in rodents, as well as studies using

neurotropic viral infections in experimental animals. Research into the neuroinflammatory

response following HIV infection will almost certainly continue to contribute a great deal to

our understanding of the potential for interactions between these systems.
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Fig. 1.
Critical event sets in neuroinflammation that are associated with HIV-1 infection and drug abuse. 1 Peripheral blood HIV-

infected monocytes express chemokine receptors which permit the migration of these cells across the blood–brain barrier. This

process involves a series of changes in the functional status of the monocytes, endothelial cells, astrocytes, and microglial cells.

2 The immigrated HIV-infected monocytes accumulate as perivascular macrophages and release HIV which infects microglial

cells. 3 Infected macrophages, microglia, and astrocytes release a complex mixture of mediators including chemoattractant

factors, proinflammatory cytokines, and toxic factors. 4 Mediator release also influences neurons leading to changes in neuron

function. 5 Drugs of abuse alter the functional activity of HIV-infected blood monocytes, macrophages, astrocytes, microglial

cells, and neurons. The complex of mediators and drugs of abuse result in complicated changes in the dynamic among these cell

populations. Ast astrocytes, DREC drug receptor, EC endothelial cells, Mo monocyte, Mg microglial cell, MΦ macrophage, Med

mediator, Neur neuron
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