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Abstract

Persistent infections and amyloid disorders afflict a significant number of people worldwide. It 

would appear at first glance that the treatment of these afflictions should be entirely unrelated; 

however, in both cases components of the adaptive immune system have been harnessed in an 

attempt to provide some therapeutic relief. Given that the ability of a pathogen to establish 

persistence often depends in part on a shortcoming of the adaptive immune response, it seems 

logical to devise immunotherapies with the intention of supplementing (or replacing) the 

insufficient immunologic element. A case in point is an intervention referred as 

immunocytotherapy, which relies upon the adoptive transfer of pathogen-specific T lymphocytes 

into a persistently infected host. Remarkably, the adoptively transferred T lymphocytes not only 

have the capacity to clear the persistent infection, but can also provide the recipient with protection 

against subsequent rechallenge (i.e., immunologic memory). Treatment of amyloid disorders (e.g., 

Alzheimer disease, sporadic inclusion-body myositis) with a similar therapeutic approach is 

complicated by the fact that the aberrant protein accumulations are self-derived. Focusing the 

adaptive response on these aberrant self-proteins has the potential to result in autoimmune 

pathology. This review critically evaluates the importance of immunotherapeutic approaches for 

the treatment of persistent infections and amyloid disorders, and attempts to delineate the 

interventions that are most likely to succeed in an exceedingly complex disorder such as sporadic 

inclusion-body myositis.

Persistent infection and immunocytotherapy

Persistent viral infections profoundly impact the human population by adversely affecting 

health and by placing an ever-increasing economic burden on society. Consider the societal 

strains imposed by just two known persistent viral infections: hepatitis B virus (HBV) and 

HIV-1. Despite the existence of an efficacious vaccine for 20 years,1,2 the impact of HBV on 

society remains daunting. It is estimated that nearly 2 billion people worldwide have 

serological evidence (past or present) of an HBV infection. Moreover, 350 million people 

presently bear the burden of a persistent HBV infection, and approximately 1 million people 

per year succumb to associated complications, which include cirrhosis and hepatocellular 
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carcinoma (HCC).3-5 HBV is capable of establishing persistence in approximately 5% to 

10% of infected adults. However, these percentages are relatively low when compared to 

those observed during perinatal transmission of HBV. Infants born to HBV-positive women 

have a 70% to 90% risk of harboring a persistent HBV infection for life6 (presumably due to 

the induction of immunologic tolerance).

HIV-1, on the other hand, was identified in the early 1980s as the causative agent7 of the 

deadly AIDS virus, which has had a devastating impact on the global community, especially 

those residing in developing nations.8 Approximately 40 million people worldwide are 

infected with HIV-1,8 and the direct cost to treat one patient now exceeds $20,000 per year.9 

Over the past two decades, considerable progress has been made in deciphering the life cycle 

and pathogenesis of HIV-1, which has spawned potent treatment modalities such as the 

highly active antiretroviral therapy (HAART).10 Nevertheless, HIV-1 still appears to have 

the upper hand, possessing the ability to persist latently in quiescent cells and render 

HAART ineffective in its pursuit to achieve complete viral eradication.11-13 To further 

complicate matters, HIV-1 also appears to infect the CNS to a similar degree observed in the 

lymphoid tissues (and with similar kinetics),14,15 and through an associated 

immunosuppression can open the flood gates to a number of opportunistic infections that 

include Toxoplasma gondii, Crytococcus neoformans, Epstein-Barr virus (EBV), JC virus, 

and cytomegalovirus. Each of these pathogens has the potential to establish persistence in 

the CNS and further promote unwanted neurologic complications.16,17

Based on the adverse effects associated with these two human pathogens alone, it could be 

argued that the hands of society carry a sizeable burden. However, these pathogens represent 

only two of the known persistent viral infections. The human population is faced with a 

myriad of other possibilities, which further add to the gravity of the problem. Given the 

magnitude of this seemingly insurmountable challenge, we as biomedical researchers must 

devise strategies to relieve patients of infections once they have established persistence. It is 

important that this statement be considered in its entirety. Relief from an established 

persistent infection should be considered in a category separate from the prevention of 

infection. For example, the discovery of vaccination represents a milestone in the 

maintenance of human health,18 and the administration of vaccines is usually an effective 

means to prevent a pathogen from establishing persistence. Once a pathogen has established 

persistence, the immune system often becomes overburdened and in many cases vaccination 

no longer represents a viable treatment strategy. Consequently, we are forced to consider 

other options such as pharmacologic inhibitors of a pathogen’s life cycle (e.g., HAART, 

ribavirin, acyclovir) and cytokines (e.g., type 1 interferons), which are therapies that do not 

routinely sterilize the host of the invading pathogen and can be associated with unwanted 

toxic side effects.

Another important problem in our pursuits to relieve patients of a persistent infection relates 

to the issue of how to proceed once a pathogen has gained access to the CNS. The CNS 

participates in nearly every aspect of our existence, from complex cognition to the 

metronome-like beating of our heart. Because the CNS factors so heavily into the equation 

that maintains our livelihood, it is important that this vital tissue compartment be equipped 

with a collection of protective mechanisms that limit potential sources of damage. 
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Consequently, the CNS is fitted with an array of immune-dampening mechanisms that limit 

the toxicity (and in some cases the effectiveness) of a pathogen-specific immune response.19 

This chink in the armor of our immunologic defenses enables a broad selection of pathogens 

to utilize the CNS as a safe haven.20 Unfortunately, the establishment of persistence within 

this safe haven can result in severe neurologic disturbances and impair nearly every aspect of 

our well-being.

Given the aforementioned challenges, it would appear that our plight to cleanse humans of a 

broad spectrum of pathogens that establish persistence in the CNS as well as the periphery 

has risen to the level of the unattainable. However, a series of seminal studies conducted in 

the lymphocytic choriomen-ingitis virus (LCMV) model system has revealed that it is 

possible to achieve the seemingly unattainable— total body clearance of a pathogen once it 

has established persistence.21 LCMV is a noncytopathic murine as well as human pathogen 

that has been instrumental in elucidating a number of fundamental concepts in virology and 

immunology.22 For example, a remarkable therapeutic approach (referred to as 

immunocytotherapy) was pioneered over four decades ago in the LCMV model system by 

Mogens Volkert and colleagues.23 Immunocytotherapy can be employed to completely 

cleanse a host of a persistent viral infection by reconstituting the cellular immune response. 

If mice are infected at birth or in utero with LCMV (referred to as LCMV carrier mice), the 

virus establishes lifelong persistence in every tissue compartment (e.g., spleen, thymus, 

lymph nodes, liver, lung, heart, kidney, CNS, etc.) (figure A).24 This route of transmission is 

analogous to the mode by which many viruses are passed from mother to offspring in the 

human population (e.g., HBV). Because LCMV establishes persistence in the thymus, T 

lymphocytes become tolerant to the virus, and thus, attempts to eliminate the pathogen 

through vaccination have been entirely unsuccessful.25 To further complicate matters, 

neurons are the predominant LCMV-infected cell population residing in the CNS 

parenchyma (figure B).26,27 Unless placed under extenuating circumstances (e.g., electrical 

inactivation),28 neurons do not readily express antigen-presenting machinery.29 In fact, one 

might question whether T lymphocytes are even capable of purging virus from neurons 

through direct interactions. Nevertheless, the immunocytotherapeutic administration of 

LCMV-specific memory T lymphocytes (both CD8+ and CD4+) obtained from syngeneic 

immune mice can completely eliminate virus from all tissue compartments (including the 

CNS neurons) of LCMV carrier mice following adoptive transfer.23,26 In this model system, 

it was determined that as few as 350,000 CD8+ and 7,000 CD4+ memory T lymphocytes are 

the minimum cellular requirements for total body clearance.30 It is important to emphasize 

that the success of this therapeutic intervention depends on the cooperative behavior of both 

T cell subsets—a point that will become pertinent later in this review. Moreover, clearance 

also depends on the ability of the transferred T lymphocyte population to produce the 

cytokine IFN-"),31,32 which might facilitate noncytopathic clearance of the pathogen.33

At present our understanding of the precise mechanisms that underlie total body clearance in 

LCMV carrier mice following the administration of immunocytotherapy is at an elementary 

level. Although it might appear at first glance that the mode of clearance reflects nothing 

more than a potent antiviral immune response, consider the magnitude of the antigenic 

burden that the transferred memory T lymphocytes must face following transfer into LCMV 

carrier mice (figure). Nearly every tissue compartment is inundated with LCMV, and from 
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this fact emerges a fundamental question: how does the transferred T lymphocyte population 

retain functionality in the presence of such high antigenic loads and at the same time clear 

virus without inducing a lethal immunopathology? Studies have convincingly demonstrated 

that a persistent viral infection can result in functional exhaustion of a primary pathogen-

specific T cell response,34 thus rendering the response ineffective in its pursuits to clear the 

invading infectious agent. It is postulated that exposure to elevated/sustained antigenic loads 

achieved during a persistent viral infection is a major factor that contributes to this 

exhaustion, yet the transferred population of memory T lymphocytes fail to show signs of 

functional fatigue upon injection into the heavily burdened LCMV carrier mice. The 

transferred cells not only retain function, but also cleanse the infected mice without inducing 

a lethal immuno-pathology. It is well known that T lymphocytes (especially cytotoxic 

lymphocytes) possess the means to ward off an invading pathogen through the induction of 

target cell death.35 In fact, the fatal meningitis observed following an intracerebral injection 

of adult mice with LCMV occurs as a direct consequence of T cell-mediated pathology in 

the CNS.36 Thus, one of the most intriguing aspects of immunocytotherapy in LCMV carrier 

mice is that total body clearance can be attained without fatal immunopathologic 

consequences. This process becomes even more impressive when one considers that in 

addition to persistently infected neurons, the transferred population of memory T 

lymphocytes must also cleanse virus from the meninges, ependymal cells, and choriod 

plexus (figureB)—the very same structures targeted in adult mice that succumb to the 

aforementioned LCMV-induced meningitis.36

Given that an assemblage of cellular constituents can accomplish a monumental task—relief 

from a systemic viral infection to which the host is largely tolerant—it is important that we 

as biomedical researchers fully dissect (and ultimately improve upon) this remarkable 

process. A comprehensive understanding of the factors that underlie successful 

immunocytotherapy in the LCMV carrier model system may translate into more efficacious 

treatments for humans bearing the burden of a persistent infection. It is important to note 

that the success of this therapeutic intervention is not unique to the LCMV model system. 

Immunocytotherapy has been used to successfully cleanse patients of HBV,37 

cytomegalovirus (CMV),38,39 EBV,40 and EBV-induced Hodgkin lymphoma.41 However, 

attempts to purge patients of HIV-1 were unsuccessful.42 HIV-1 patients received a 

monoclonal population of virus-specific cytotoxic lymphocytes (CTL) rather than a clonally 

diverse repertoire of CD8+ and CD4+ T cells—a strategy commonly employed in 

immunocytotherapeutic treatment trials. The administration of monoclonal CTL, which 

failed to cleanse patients of HIV-1, was also unsuccessful in the treatment of mice 

persistently infected with LCMV.43 When faced with elevated antigenic loads and a highly 

mutable pathogen, clonal diversity and T-cell cooperation become necessary elements of a 

successful therapy. It is known that CD4+ T cells are required to sustain the activities of CTL 

during the clearance of a persistent viral infection44; however, the mechanistic link between 

these two T cell subsets remains elusive. Immunocytotherapeutic treatment of LCMV carrier 

mice represents an ideal model system to uncover the nature of the cooperative behavior 

between these two subsets.

Meticulous examination of the immunotherapeutic process will undoubtedly elevate our 

basic understanding of memory T lymphocytes. T lymphocytes have the capacity to purge a 
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pathogen from a cell in a noncytopathic manner,33 and it is worthwhile to theorize that 

memory T lymphocytes have evolved to rely more so on this mechanism of clearance to 

minimize tissue injury upon pathogen rechallenge. This could explain the total body 

clearance achieved in the LCMV model system without fatal immunopathologic 

consequences. Studies have also shown that successful clearance in LCMV carrier mice 

depends on the presence of an intact bone marrow compartment,45 which signifies that the 

transferred T lymphocyte population alone is incapable of mediating clearance. We have 

recently observed that immunocytotherapy induces a marked recruitment of professional 

antigen-presenting cells (APCs) into all tissue compartments (including the immunologically 

specialized CNS) of the recipient mice (unpublished observations). Therefore, the distinct 

possibility exists that interactions between tissue-infiltrating APCs and memory T 

lymphocytes result in the release of cytokines that noncytopathically purge virus from cells. 

An indirect, bystander mechanism of clearance would minimize the amount of damage that 

might occur as a consequence of direct cellular engagement. If this mechanism does indeed 

govern the success of immunocytotherapy, then it is conceivable that the administration of a 

potent antiviral factor could supplement an existing immunocytotherapeutic regimen and 

provide relief from a hard-to-treat pathogen. It is also possible that therapeutic manipulation 

of host APCs could improve upon clearance following immunocytotherapy. Only further 

experimentation will enable us to determine whether these possibilities can ultimately be 

realized.

Immunotherapy to treat amyloid disorders

Because the adaptive component of the immune system has an irreducible role in the 

clearance of an invading pathogen, it seems logical (and perhaps intuitive) to devise 

immunocytotherapy, an approach that relies upon the transfer of fully functional immune 

cells into a persistently infected host that it is lacking such cells. The transferred immune 

cells perform their natural functions in a timely manner and with a remarkable degree of 

efficiency. In fact, because memory cells possess the desired quality of self-renewal, they are 

maintained in the transfer recipient following the clearance phase and can provide protection 

against pathogen rechallenge or resurgence from a latent reservoir. Researchers are presently 

attempting to harness these advantageous qualities of the adaptive immune system in an 

effort to relieve patients of degenerative disorders that result from aberrant protein 

accumulation.46 This is best exemplified in the field of Alzheimer disease (AD) research.47 

Patients with AD harbor CNS plaques comprised of β-amyloid (Aβ). Based on the working 

hypothesis that Aβ is the causative agent of AD, Schenk and colleagues immunized PDAPP 

transgenic mice (a mouse strain that develops amyloid plaques over time) with Aβ1-42 plus 

adjuvant.48 Remarkably, the therapeutic regimen significantly lowered plaque loads in aged 

mice. Based on the success of this intervention in mice, a clinical trial was initiated in 

humans with AD.49 Similar to the murine study, patients were immunized with Aβ1-42. 

Unfortunately, despite showing some promise, the trial was discontinued because 18 patients 

(6%) developed severe meningoencephalitis.50,51

In contrast to the immunocytotherapeutic protocols designed to treat persistent viral 

infections, reduction of plaque loads in AD models depends primarily on the humoral 

component of the adaptive immune response (rather than T lymphocytes). In fact, the T-
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lymphocyte response is thought to be responsible for the meningoencephalitis observed in 

the adversely impacted subset of patients.47 Consequently, researchers are now attempting to 

devise Aβ immunization strategies that promote antibody rather than T-lymphocyte 

responses. However, it should be noted that the immune system is a double-edged sword, 

and the redirection of an immune response toward a self-protein (in this case, Aβ) might 

always be fraught with undesired pathologic consequences in a subset of patients given the 

genetic diversity in the human population. In this subset of individuals, the very qualities of 

the immune system deemed beneficial for the treatment of a persistent viral infection 

become disadvantageous. For example, replication of a pathogen depends on genetic 

material that is separable from our own. In other words, the immune system has the capacity 

to eliminate proteinaceous as well as genetic material associated with a pathogen, and once 

this is accomplished, the pathogen-specific response abates and target cell engagement is no 

longer required. In the case of an amyloid disorder, the situation is quite different. Aβ is not 

derived from foreign genetic material but rather from a source that cannot be eliminated by 

the immune system. Consequently, the redirection of an adaptive immune response toward a 

self- (or altered self-) protein has the potential to become detrimental and uncontrollable if 

the source of the aberrant protein cannot be regulated. Thus, it seems that passive 

administration of an antibody directed against a self-protein is a much safer approach for the 

treatment of amyloid disorders. The antibody dose can be modified in each individual, and 

most importantly, the treatment can be discontinued immediately if adverse side effects 

become apparent.

Treatment of an amyloid disorder such as sporadic inclusion-body myositis (s-IBM) is even 

more complicated. Similar to AD, abnormal accumulation of Aβ can be found in the muscle 

of s-IBM patients, which suggests that passive administration of Aβ-specific antibodies 

might represent a viable treatment option. However, the efficacy of this therapeutic 

intervention will depend primarily on the modus operandi of Aβ-specific antibodies. 

Abnormal Aβ accumulation is an intracellular rather than extracellular phenomenon in s-

IBM. In AD, it is thought Aβ-specific antibodies can directly bind to extracellular plaques 

and facilitate removal through an Fc receptor-mediated scavenging mechanism.52 If this is 

the predominant mode of action, then it is unlikely that Aβ-specific antibodies will be able 

to purge s-IBM patients of intracellular inclusions. However, it was also proposed in AD that 

Aβ-specific antibodies function by peripherally sequestering Aβ, thus limiting the formation 

of new plaques in the brain. Sequestration of Aβ with antibodies might represent an 

excellent means to thwart the progression of s-IBM if Aβ is an essential and causative 

element of disease pathogenesis.

Another mode of treatment in s-IBM patients emerges from the fact that a clonal and fully 

functional population of CTL can be found interacting with cells comprising the muscle.53 

The presence of a clonal T-cell population in a degenerative disorder immediately gives rise 

to the assumption that the process is autoimmune in nature; however, it is equally probable 

that the CTL are reactive against a persistent pathogen that has sought refuge in the muscle. 

Indeed, there is precedence in the literature to support that individuals harboring a persistent 

viral infection (e.g., HIV-1 and HTLV-1) can present with s-IBM,54 yet it remains to be 

determined whether an infectious agent represents a causative element in the disease 

process. Given the established link between inflammatory metabolites and 
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amyloidogenesis,55 it is plausible that chronic CTL engagement of muscles fibers triggers 

intracellular Aβ accumulation in s-IBM patients. If this is the case, then it becomes of the 

utmost importance to impede the inflammatory response. However, one must approach this 

quest with caution. It is not sensible to interfere with the inflammatory response if s-IBM 

patients harbor a persistent infection in the muscle. To do so would undoubtedly favor the 

pathogen. However, if s-IBM is an autoimmune disease, then blockade of immune function 

might provide some relief (assuming that the associated amyloidosis is not a self-

perpetuating pathogenic process). The key to treatment may rest in defining the specificity 

of CTL clones isolated from s-IBM patients. Through the use of peptide libraries and protein 

databases, it should be possible to determine whether the CTL found in s-IBM patients are 

specific to a pathogen or a self-protein. Because treatment of persistent infection and 

autoimmune disease lie at the opposite ends of the spectrum, determination of CTL 

specificity could provide a much needed clue to unlock the etiology of the disease and direct 

clinicians toward the most appropriate therapeutic interventions.
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Figure. 
Systemic localization of LCMV in a carrier mouse persistently infected from birth. (A) 

Whole body distribution of LCMV (green) in a carrier mouse derived from persistently 

infected parents. The head of the mouse appears on the right side of the image. The virus 

was labeled using a polyclonal anti-LCMV antibody. Note the abundance of LCMV in 

nearly every tissue compartment. (B) An enlarged sagittal view of an LCMV carrier brain. 

Note the even distribution of LCMV (green) throughout the parenchyma. Neurons represent 

the primary infected cell population in the parenchyma. The meninges, choriod plexus, and 

ependyma are also infected. Nuclei are shown in blue.
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