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Abstract

Human cytomegalovirus (CMV), the prototypical p-herpervirus, is a widespread pathogen that
establishes a lifelong latent infection in myeloid progenitor, and possibly other cells as well.
Although immunocompetent individuals show mild or no symptoms despite periodic reactivation
during myeloid cell differentiation, CMV is responsible for considerable morbidity and mortality
in older adults and in persons chronically infected with HIV. Indeed, in these individuals,
reactivation of CMV can cause serious complications. This review will focus of the effects of
CMV during aging and HIV/AIDS, with particular attention to the cellular immunity and age-
related pathology outcomes from this persistent infection. The impact of the long-term chronic
exposure to CMV antigens on the expansion of CD8 T cells with features of replicative senescence
will be highlighted.
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1. Introduction

Extensive research on aging and HIVV/AIDS—a disease associated with accelerated aging—
indicates that chronic CMV infection has profound effects on the immune system. Even in
the absence of overt reactivation, in most cases, CMV seropositivity is associated with
multiple negative health and longevity outcomes. Interestingly, in persons with chronic
infection with HIV-1, long-term administration of combination antiretroviral therapy, which
controls the levels of HIV, paradoxically, accentuates the effect of CMV. Given the increased
long-term survival of persons infected with HIV, it is predicted that the CMV immune
effects associated with chronological aging may synergizewith those due to the HIV to
further accelerate immunosenescence.
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This review will focus on the deleterious effects of CMV in the context of both aging and
HIV/AIDS. However, it should be noted that CMV also negatively impacts other clinical
situations. For example, in the case of inflammatory bowel disease, CMV is associated with
steroid resistance (Wu et al., 2015); in kidney transplant patients, CMV induces activation of
several human endogenous retroviruses (Bergallo et al., 2015), and in stem cell transplant
recipients, CMV is an important cause of mortality (Soland et al.., 2014). A recent, highly
relevant finding is the consistent association between unfavorable glucose and lipid profiles
with the accumulation of late stage CD8 T cells in a large cohort (n=400) of CMV+
individuals, as compared to uninfected controls that were matched for age, sex,
sociodemographic variables and lifestyle factors. This novel observation links metabolic risk
factors on immunity and health with an infectious pathogen that has been repeatedly
implicated in immunosenescence(Rector et al., 2015).

2. The Herpesviruses

The role of the gastrointestinal bacterial population on human health and immunity has
become a key focus of research over the last decade. In contrast to the intense interest in this
so-called human microbiome, far less is known about the effects of viral symbionts, the most
prevalent of which are the herpes viruses. The herpesviridae family consists of > 100 viruses
that have been infecting vertebrate species, including humans, for hundreds of millions of
years. The main feature of these viruses is their ability to develop lifelong, persistent
infections, due to complex strategies to escape immune responses of the host. Most of these
viruses are acquired early in life, and they infect the majority of the human population.
(Gianella et al., 2015). Estimates of seroprevalence in the adult population range from 45—
100%, depending on geographic locale.

Cytomegalovirus (CMV), the focus of this review, has a genome that is the largest of all
viruses that infect humans. Experiments using over 200 protein-spanning peptide pools have
revealed that human T cells from a donor population of 33 individuals of mixed HLA
backgrounds can recognize at least 150 proteins. New evidence suggests that the human
CMV proteome may be underestimated, since the genome actually provides more than 700
protein open reading frames (Terrazini& Kern, 2014; Stern-Ginossar et al. 2012; Holtappels
et al., 2009). Overall, most researchers agree that the success of CMV to persist in the
human population is based, in large part, on complex strategies of immune evasion, rather
than rapid mutation of target proteins. Nonetheless, there is some genetic and antigenic
heterogeneity among CMV isolates, which most likely affect pathogenic potential (Sijmons
et al. 2015).

3. CMV and aging

As noted above, CMV has had millions of years to optimize its interaction with ~omo
sapiens. Given the ubiquity of CMV infections in the human population worldwide, it is
possible that certain beneficial effects during youth, a period associated with the need for
reproductive success, might have favored its persistence over millions of years of evolution.
Indeed, studies comparing young and old CMV-infected adults showed several beneficial
immunological features associated with this virus. These include increased antibody
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response to influenza vaccination, elevated circulating levels of IFN gamma, and increased
CD8 T cell sensitivity (Furman et al, 2015). Consistent with the observations in humans,
studies in mice showed that murine CMV infection conferred cross-protection against a
bacterial infection in young, but not old, animals (Barton et al., 2007). Indeed, it has been
proposed that lifelong interaction between CMV and the host immune response not only
controls viral reactivation, but also modulates the immune system. Given that the majority of
humans harbor CMV and other latent herpervirus infections, one might even consider
redefining the term “normal” immune system to take these persistent infection modulatory
effects into account.(White et al., 2011).

The potential beneficial effects of CMV during youth are in stark contrast to the various
deleterious outcomes associated with this persistent infection in older adults. It is possible
that this age differential may relate to the length of time of the infection. But the
phenomenon is also consistent with the notion of antagonistic pleiotropy. This theory posits
that certain biological features that have been selected for as favorable during youth turn out
to be harmful in old age, i.e., during a stage of life that is neutral in terms of evolutionary
natural selection. Examples of antagonistic pleiotropy include high levels of estrogen, which
favor reproductive success early in life, but which may enhance the growth of breast tumors
in older women. The process of replicative (cellular) senescence, which suppresses tumor
formation during youth, but may ultimately contribute to many-age-related pathologies, is a
second example of antagonistic pleiotropy, as will be discussed below.

4. Replicative senescence in vitro

In the 1990’s, oligoclonal expansions of T cells were documented in older humans, and
characterized as the T cell analogues of the well-known benign B cell gammapathies seen in
many elderly persons (Posnett et al., 1994). Subsequent research provided evidence that
these expanded populations of CMV-specific CD8 T cells showed many features that
resembled T cells that arose in long-term cultures following multiple rounds of antigen-
driven proliferation. These end stage cells show consistent changes in function and gene
expression (Effros, 2007). /n vivo, the presence of oligoclonally expanded CD8 T cell
populations of similar late-differentiated phenotype cells is increasingly being implicated in
advanced immunosenescence and predictive of poor prognosis (Hadrup et al. 2006).
Although it cannot be definitively proven that cells have reached irreversible cell-cycle arrest
in vivo, and in some cases have been shown to retain limited proliferative capacity (Weng et
al. 2009) for the purpose of this review, these cells will be described as senescent, due to
their overall similarity in function and phenotype to their in vitro counterparts.

Extensive /n vitro studies have shown that, with proper activation via the T-cell receptor and
constant exposure to IL-2, cultures of normal human T cells can undergo between 25 and 40
population doublings before reaching senescence and ceasing to proliferate (Effros, 1998).
with an average lifespan of approximately 33 population doublings (Effros & Pawelec,
1997). Although aging is correlated with the accumulation of cell types with senescence
markers /n vivo, there is no clear correlation between /n vitro lifespan of T cell cultures and
chronological age of the donor (Perillo et al., 1993). The major changes associated with CD8
T cell senescence in cell culture are irreversible loss of gene and protein expression of
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CD28, apoptosis resistance, increased production of IL-6 and TNFa, loss of telomerase
activity, shortened telomeres, and upregulation of the p16 and p21 cell cycle inhibitors
(Effros et al., 2003, 2005). Other changes in cytokine production associated with T cell
senescence include loss of IL-2, reduced Interferon-gamma, and increased secretion of
RANKL (Effros et al., Graham et al., 2009). This short list of changes documented thus far
for human T cells contrasts with the extensive number of secretory changes associated with
fibroblast senescence, which include both cytokines, chemokines, and met various growth
factors (Coppé et al. 2010).

5. Unique features of senescent human CD8 T cells

Recent studies have documented an unexpected role of adenosine deaminase (ADA) in
modulating the process of T cell replicative senescence. ADA is the enzyme that converts
immunosuppressive adenosine to inosine, thereby playing a key role in normal immune
function (Gessi et al., 2007; Hovi et al., 1976). ADA is best known for its critical function in
lymphoid development, where its absence results in severe combined immunodeficiency
(Hershfield, 2005). However, ADA, present both intracellularly and on the surface, as ecto-
ADA that is bound to CD26 (Kameoka et al., 1993), is also essential for optimal function of
mature T lymphocytes. Indeed, the ADA/CD26 complex, which, like CD28, is a component
of the immunological synapse, delivers a costimulatory signal upon T cell stimulation (Aran
et al., 1991; Hovi et al., 1976; Kameoka et al., 1993; Martin et al., 1995; Pacheco et al.,
2005). Our own studies documented for the first time that ADA is key to upregulation of
telomerase activity, and that both intracellular and ecto-ADA decrease with increasing
population doublings. Exposure to exogenous adenosine, to mimic the /7 vivo environment,
was shown to accelerate the progression of CD8 T cells to replicative senescence, causing
more rapid loss of CD28 expression and telomerase activity, and reduced proliferative
potential(Parish et al., 2010).

A second important change recently documented for T cells relates to the clinical association
between chronic immune activation and bone loss (Crotti et al., 2015). Osteoporosis is a
systemic disease that is associated with increased morbidity, mortality and health care costs
(Pike et al., 2010). Whereas osteoclasts and osteoblasts are the main regulators of bone
homeostasis, it is becoming increasingly clear that the immune system, particularly T cells,
can produce both stimulatory and inhibitory factors that modulate the maturation and
activation of bone-resorbing osteoclasts Interestingly, a small study on post-menopausal
women showed a correlation between bone loss and the presence of increased proportions of
CD8 T cells that lack CD28 expression (Peitschmann et al., 2001). This report is consistent
with the increased production by senescent T cells of several soluble factors that enhance the
activation of bone-resorbing osteoclasts, including IL-6, TNFa, and RANKL, which will be
discussed below.

The complex regulation of activation-induced T lymphocyte production of Receptor
Activator of NFxB Ligand (RANKL) in chronically stimulated human T cellshas recently
been reviewed (Crotti et al., 2015). Given that lipid oxidation products mediate
inflammatory and metabolic disorders such as osteoporosis and atherosclerosis, and since
oxidized lipids affect several T lymphocyte functions, we hypothesized that RANKL
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production might also be subject to modulation by oxidized lipids. Our analysis
demonstrated that short term exposure of both unstimulated and activated human T
lymphocytes to minimally oxidized low density lipoprotein (LDL), but not native LDL,
significantly enhances RANKL message and protein, and promotes the surface expression of
the lectin-like oxidized LDL (LOX-1) receptor (Graham et al., 2009). The link between
oxidized lipids and T lymphocytes was further reinforced by analysis of hyperlipidemic
mice, in which the loss of bone mass is associated with both increased RANKL mRNA in T
lymphocytes and elevated RANKL serum levels (Graham et al., 2009). Our results suggest a
novel pathway by which T lymphocytes contribute to bone loss, namely, via oxidized lipid
enhancement of RANKL production. These findings may help elucidate clinical associations
between cardiovascular disease and decreased bone mass, and may also lead to new
immune-based approaches to osteoporosis.

6. CMV and Immunosenescence

The most compelling evidence for a role of CMV as a driver of immune system aging comes
from the Swedish OCTO/NONA studies, which identified an immune risk profile (IRP)
present in 15-20% of 85 year olds that was associated with 2-, 4-, and 6-year mortality at
follow-up. The major risk factors included an inverted CD4:CD8 ratio, apparently caused by
accumulation of CD8 cells lacking CD28 expression, poor T cell proliferative response to
mitogen, and low B cell numbers(Pawelec et al., 2010). It was subsequently shown that
seropositivity for human CMV (but not for other persistent viruses, such as EBV, HSV or
VZV) was also predictive of the IRP. Indeed, it turned out that 100% of 85 year olds with the
IRP group were seropositive for CMV, versus only 85% who were not in the IRP (Pawelec et
al. 2010). It was demonstrated the accumulation of CD8 T cells responsible for the inverted
CD4:CD8 ratio tended to be late-differentiated oligoclonal expansions specific for CMV
antigens (Hadrup et al., 2006; Khan et al., 2004 a & b), comprising up to 45% of the total
CD8 T cell pool (Khan et al., 2004b). These late-differentiated CMV-specific clones in the
elderly were subsequently shown to have reduced functionality /n vitro compared to CMV
clones from younger subjects (Hadrup et al., 2006; Ouyang et al., 2004). Whatever the
underlying cause for the divergence of the CMV effects at different life stages, it is clear that
this persistent CMV infection is associated with multiple negative effects in older adults.

Most of the above studies focus on correlations between CMV and immunological aging,
but there is some evidence that CMV may actually play a causal role inimmunosenescence,
independent of age. For example, reduced CD4/8 T cell ratio, higher levels of serum IL-6,
and reduced influenza vaccine responses, have been observed even in young CMV+ adults
(Turner et al. 2014). Another study showed a strong association between CMV seropositivity
and increased number of CD4 and CD8 and T cells lacking CD28 expression Jrrespective of
age (Looney et al., 1999). Moreover, across all age groups, individuals who are CMV
seropositive show a 60% increase in the size of CD8 T cell memory pool and with a
reduction in the proportion of naive CD8 T cells (Chidrawar et al., 2009). CMV
seropositivity is associated with a Thl polarization of the immune system, possibly resulting
in increased inflammation (Almazar et al., 2005). Supporting this notion, two
epidemiological studies have noted a correlation between CMV seropositivity, increased
inflammatory biomarkers, and morbidity in the elderly (Schmaltz et al., 2005; Aiello et al.,
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2008). Finally, it should be noted that the rare CMV-negative elderly persons do, in fact,
show some characteristics of immunosenescence (Pawelec et al., 2009), changes that may, in
some cases, be driven by other persistent viruses, such as EBV (Ouyang et al., 2003).

7. Accelerated immune system aging in chronic HIV disease

8. CMV vs.

There is increasing evidence that chronic infection with HIV-1 accelerates many features
associated with normal aging (Appay et al., 2007; Effros et al., 2008). The most dramatic
evidence in this regard is the increased susceptibility of successfully treated HIV-infected
persons to morbidities more commonly observed in older uninfected adults. These include
frailty (Desquilbet et al., 2007), non-Hodgkins lymphoma (Engels et al., 2010), cervical
carcinomas (D’Souza et al., 2001; Dorrucci et al., 2001), Kaposi’s sarcoma (Unemori et al.
2013), osteoporosis (Fausto et al., 2006; Thomas & Doherty,2003), liver (Weber et al., 2006;
Hooshyar et al., 2007) and renal impairment (Arnold et al., 2006), cardiovascular disease
(Baker et al., 2008; Smit et al., 2006) diabetes (Triant et al., 2007), and hypertension (Hsue
et al., 2008). Moreover, older HIV-infected adults show more rapid disease progression
(Blanco et al., 2010). It has also been recently been shown that untreated HIV infection has
epigenetic effects that are additive with aging and accelerate, by ~14 years, the formation of
an aging-related methylation pattern (Rickabaugh et al., 2015). Thus, multiple facets of
normal aging have been documented for HIV infection.

Research on the immune system has provided substantial evidence that immunosenescence
is accelerated in persons chronically infected with HIV. Within the CD8 T cell subset, there
is a significant increase in cells that share features with senescent T cells that arise /n vitro
following multiple rounds of stimulation with either alloantigen, anti-CD2/3/28-coated
microbeads, or HIV-peptide pulsed antigen presenting cells (Dagarag et al., 2003).
Interestingly, the telomere length of CD8+CD28- T cells from HIV-infected persons is
shorter than the corresponding subset from age-matched HIV-negative adults (Effros et al.,
1996), possibly reflecting the dual impact of CMV and HIV in the former group. In addition,
early in the infection, the proportion of CD8 T cells lacking CD28 expression is predictive
of the rate of HIV disease progression (Cao et al., 2009). HIV-1-infection is also associated
with a significant decrease in the number of CD31" naive CD4" T-cells and shortening of
telomeres in the overall naive CD4" T-cell subpopulation, rendering this cellular
compartment more phenotypically similar to that of an uninfected adult 20-30 years older
(Rickabaugh et al., 2011). Interestingly, those HIV-infected persons who are seronegative for
CMV show greater resilience in terms of immune recovery following antiretroviral therapy
(Barrett et al. 2014).

HIV

It is clear that CMV coinfection is very common in HIV-infected populations, reaching
levels of 90%-100% (Lang et al. 1989). In fact, long-term successfully treated HIV-infected
individuals have high levels of CMV-specific effector cells, similar to that observed in the
elderly participants, but occurring about 40 years earlier (Naeger et al., 2010). There is also
evidence the CMV may play a role in cardiovascular pathologies seen in HIVV/AIDS. It has
been reported that HIV-infected women with increased CMV immunoglobulin G levels were
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more likely to have carotid artery stiffness compared with uninfected controls (Parinello et
al., 2012) and in both men and women who are HIV+, carotid intima-media thickness has
been reported. Although HIV-infected persons show multiple features in common, such as
higher T-cell activation, high-sensitivity C-reactive protein levels, and CMV-specific T-cell
responses, only CMV-specific T-cell responses were independently associated with intima-
media thickness (Hsue et al., 2006). Thus, CMV and HIV may influence immunological
aging in an additive manner, but it appears that CMV may exert a more dramatic effect than
HIV (Pathai et al., 2014).

Possible mechanisms for the very high frequencies of CMV-specific T cells in antiretroviral-
treated HIV disease include subclinical CMV replication and/or a dysregulated and
heightened immunologic response to a normal level of CMV replication(Aiello et al., 2012;
Parinello et al, 2012). Given that a large proportion of the senescent CD8 T cells present in
HIV-infected persons are CMV-specific, CMV may also be implicated in the accelerated
bone loss associated with HIV disease (Fausto et al. 2006), due the pro-inflammatory
secretory profile of the end-stage CD8 T cells.

As noted above, nearly all HIV-infected persons are also infected with CMV, and the
proportion of CMV-specific CD8 T cells often exceeds that of the HIV-specific T cells.
Large cohort studies have documented the impact of CMV at various stages of the HIV
infection (Naeger et al., 2010). Well before the onset of immunodeficiency, the frequency of
pp65-specific (a major CMV immunogen) CD8 T cells was higher than in HIV uninfected
controls. Surprisingly, this pattern was exaggerated in anti-retrovirally- treated persons, even
though only 2 of the 200 potential T cell CMV antigens were measured.

The question arises as to why HIV fails to establish the same mutually symbiotic
relationship with humans as CMV. First and foremost, it would seem that the long
evolutionary history between humans and CMV has selected for those hosts who have the
ability to harbor latent viruses that confer the benefit of the protective effects against other
infections early in life. In that sense, HIV, which only recently entered the human
population, has not had sufficient time to evolve analogous mechanisms of mutually
beneficial co-existence. Thus, one might view HIV as “CMV in-training”. Second, it is clear
that the cell type in which each virus establishes latency has profound effects on the
relationship with the host. Indeed, even among the herpesviruses, such as Epstein-Barr virus
and Herpes simplex, CMV has the most profound effect on humans, which may relate to the
different sites of latency among this family of viruses. Indeed, CMV can infect a host of
different cell types, including fibroblasts, endothelial cells, muscle cells, and brain-derived
pericytes. Recent studies have added perivascular mesenchymal stromal cells within multiple
organs to this list (Soland et al., 2014). These cells are present not only within the
hematopoietic microenvironmental niche, but also as cells that encircle capillaries and
vessels throughout the body, allowing intimate contact with circulating lymphocytes as they
extravasate across vessel walls (Soland et al., 2014). These observations may explain the fact
that the magnitude of the CD8 T cell response during even clinical latency is extraordinarily
high, ranging from 10-20% in otherwise healthy adults, and reaches levels of 50% in the
HIV-infected population.
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9. Translational implications

Immunosenescence and HIV/AIDS are both characterized by the accumulation of memory
CD8 T lymphocytes with features of replicative senescence. The driving force seems to be
chronic antigenic stimulation by persistent viruses, in particular, CMV. Whereas prevention
of primary infection with these viruses would be the most efficient strategy to prevent
replicative senescence, it is highly unlikely that prophylactic vaccines against CMV and
HIV-1 will be developed in the foreseeable future. In fact, based on the proposed idea that
CMV and the human immune system have a mutually symbiotic relationship (White et al.,
2011), prevention of CMV infection requires careful cost/benefit analysis, and may
ultimately be restricted to specific situations of high risk, such as organ transplant
candidates. Alternatively, reduction of the antigenic burden by anti-CMV viral medication—
usually reserved for situations of extreme immunosuppression, such as in organ transplant
patients or the final stages of HIV disease—or using therapeutic vaccines, may lead to
improved immune function during aging and HIVV/AIDS.

An alternative to reducing the antigenic burden is to augment the function of the virus-
specific CD8 T cells by retarding replicative senescence via CD28 or telomerase gene
therapy. Indeed, the re-expression of an intact signaling CD28 molecule in CMV- or HIV-
specific CD8 T cells that had lost CD28 expression led to the restoration of IL-2 production
and autocrine-induced proliferation in response to antigen recognition (Topp et al., 2003).
Also, transduction of HIV-specific CD8 T cells isolated from HIV-infected persons with the
gene for hTERT (the catalytic telomerase component) results in increased proliferative
potential, telomere length stabilization, and enhanced ability to control viral replication
(Dagarag et al., 2003; Dagarag et al. 2004). Avoidance of the complications of telomerase
gene therapy may be possible using small molecule telomerase activators, which, in cell
culture studies, leads to increased proliferation and anti-viral function (Fauce et al., 2008).

Irrespective of the driving force leading to senescent T cell accumulation during aging and
HIV disease, reduction in the proportion of these cells would be predicted to diminish many
of the associated deleterious clinical effects. Blunting the chronic state of inflammation,
which is due, at least in part, to the production of pro-inflammatory cytokines by senescent
T cells, might reduce the severity of such age-related pathologies as atherosclerosis and bone
loss. An additional benefit of immune-based approaches to therapy may be a reduced need
for drugs that target HIV-1. Many of the current drug treatments are associated with
metabolic changes normally associated with aging, including lipodystrophy, dyslipidemia
and insulin resistance, all of which increase the risk of cardiovascular disease (Morse &
Kovacs, 2006).

Conclusions

The question of whether HIV accelerates aging is most probably organ and disease-specific.
The most dramatic example of premature aging is in the immune system, where T cell
telomere length, accumulation of CD8+CD28- T cells, reduced naive T cell generation and
evidence of chronic immune activation implicate the contribution of replicative senescence
(Pathai et al. 2014). Since nearly all HIV-infected persons are also infected with CMV, it
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seems likely that this persistent infection, probably acquired prior to HIV, plays a substantial
role in the accelerated immunosenescence. Clinically, the development of such geriatric
syndromes as frailty, and multimorbidity are hastened in chronic HIV infection, and many
age-associated pathologies, such as cardiovascular disease and bone loss may be
accentuated, suggesting that HIV and CMV may confer ‘double indemnity.
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Highlights
. Importance of herperviruses to human health
. Replicative senescence within the human immune system
. Senescent T cells accumulate with age
. Cytomegalovirus is a major driver of senescence
. Cytomegalovirus impacts both normal aging and HIV/AIDS
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FIG. 1. T lymphocyte regulation of cytokines involved in bone loss
T cells produce various cytokines that regulate the maturation and activation of bone-

resorbing osteoclasts. Senescent cultures of human CD8 T cells secrete several factors that
are predicted to favor bone loss. Stimulatory factors (red) and inhibitory factors (blue).
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Antigen presenting cell

T cell

FIG. 2. Ecto-ADA and the immunological synapse
the ADA/CD26 complex, which, like CD28, is a component of the immunological synapse,

delivers a costimulatory signal upon T cell stimulation via the binding of the T cell receptor
(TCR) to the antigen-MHC complex on the antigen-presenting cell. (Parish et al. 2010)
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