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Abstract

With increasing access to antiretroviral therapy for children infected with HIV, especially in sub-
Saharan Africa, better understanding of the development and maintenance of memory T- and B-
cell responses to pathogens after immune reconstitution is needed to assess the risk of infection.
Knowledge of long-term immune responses after starting HAART is of particular importance for
policies on revaccination of HIV-infected children, who may lose protective immunity to prior
infections and immunizations. We review normal development of T- and B-cell memory responses
to viruses and vaccines against viral pathogens, and contrast the immunological effects of perinatal
HIV transmission with HIV infection acquired later in life. We then explore the potential benefits
of antiretroviral therapy and revaccination, using measles virus as a model.
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An estimated 33 million individuals are infected with HIV worldwide and two-thirds of this
burden is in sub-Saharan Africa [201]. Of the estimated two million HIV-infected children,
90% reside in sub-Saharan Africa, where high rates of morbidity and mortality occur due to
poor nutrition, limited access to healthcare and high risk of exposure to pathogens [1,2,201].
Regardless of geographical location, untreated HIV infection reduces the capacity of a
child’s immune system to respond to infections and vaccines, resulting in high mortality
rates in early childhood. Recently, access to HAART has increased due to funding from the
US President’s Emergency Plan for AIDS Relief (PEPFAR), the Global Fund to Fight
AIDS, Tuberculosis, and Malaria, and several other sources [202,203]. As of September
2009, PEPFAR alone supplied HAART to almost 2.5 million individuals [203]. Children
have benefited from the rapid scale-up of HAART, with several studies reporting increased
survival rates among HAART-treated children [3]. As mortality due to HIV-related
conditions diminishes, an increasing number of children will be living with HIV,
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necessitating an increased understanding of how HAART affects immunity to vaccine-
preventable infections.

Infection with HIV produces dysfunctional humoral and cellular immunity, resulting in an
inability to mount effective immune responses after antigen exposure through vaccination or
infection. With the initiation of HAART, aberrant immune stimulation declines in response
to decreasing HIV viral load, and naive and memory B- and T-cell populations reconstitute.
The magnitude and quality of immune reconstitution determine the risk of infection in
persons receiving HAART but may not ensure protection against vaccine antigens received
prior to treatment. To better understand the immunological basis for revaccination of HIV-
infected children receiving HAART, we review normal development of immunological
memory with an emphasis on children, the effects of HIV and HAART on memory T and B
cells, and the potential public health impact on vaccine-preventable viral infections. We then
describe immune responses to measles vaccination as a model system for elucidating
immune memory dysfunction and reconstitution in HIV-infected children.

Normal development of immunological memory responses to viral antigens

T cells

Naive T cells emigrate from the thymus to the peripheral circulation, express the cell surface
marker CD45RA and are activated via interaction with viral peptides displayed by MHC
molecules on antigen-presenting cells [4,5]. Activated cells develop into either memory
phenotypes, which expand upon subsequent antigen exposure, or effector cells that perform
immediate protective functions such as stimulating further lymphocyte activation and
proliferation or inducing cytolysis of virus-infected cells. The pathways of memory T-cell
development are currently a subject of intense research as varying hypotheses have been
proposed (Figure 1). One study concluded that two memaory subsets, effector memory and
central memory, develop independently and are distinguished by expression of the lymph
node-homing marker CCR7 [6]. Another indicated that a single naive cell may give rise to
both effector and memory daughter cells, suggesting that the CCR7 phenotype may not be
predetermined [7]. Other studies suggest that T cells transition through an effector phase
before developing into a memory phenotype [8-10]. These hypotheses may not be mutually
exclusive; for example, effector memory cells may develop through an effector stage while
central memory cells may be produced in concert with effectors. Nevertheless, CCR7
remains an established marker for differentiating central memory (CCR7*) from effector
memory (CCR77) cells.

Among individuals as old as 18 years of age, T cells (CD3*) constitute approximately 65—
73% of the peripheral blood lymphocyte pool [11], but the proportion of phenotypic subsets
among the total T-cell population varies between individuals and with age [12-14]. The
proportions of CCR7*CD45RA* naive T cells diminish with age (Table 1), suggesting
differentiation and immune maturation [11,15-17], as well as decreased T-cell emigration
from the thymus. A high proportion of naive T cells were observed among 6-12-month-old
infants, with medians of 83% and 72% of the CD4" and CD8™ T-cell populations,
respectively, which subsequently decreased with age [11]. Levels of recent thymic
emigrants, as measured by T-cell receptor excision circles (TRECS), also decreased with
increasing age [18,19]. A model of naive T-cell emigration from the thymus using TRECs
and Ki67, markers of T-cell turnover and proliferation, from infancy to young adulthood
demonstrated that thymopoesis occurs at a very rapid rate from birth to 1 year of age,
decreases profoundly until 8 years old, and then declines more slowly until 20 years of age
[20], supporting reports that thymopoesis declines in a biphasic manner over the lifespan
with an increasing rate of decline occurring before middle age followed by a slower rate of
decline for the remainder of life [19].
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B cells

In contrast to naive T cells, the proportion of CCR7*CD45RA™, or central memory T cells,
within the T-cell pool increases with age (Table 1). Few studies have assessed this T-cell
subset in healthy individuals over broad age ranges, especially among young children, but
induction of CD8" central memory T cells are particularly indicative of successful
vaccination against viral pathogens [21]. Ono et al. measured T-cell subsets in cord blood
and peripheral blood of 12-month old infants, and Saule et al. measured T-cell subsets in 5—
96-year-old individuals [16,22]. Central memory T cells represented approximately 9-16%
of CD4" T cells and 5% of CD8" T cells in cord blood and peripheral blood during the first
year of life [22]. These proportions remained relatively stable through 10 years of age but
increased to adulthood [16], indicating an increased capacity for memory responses to
antigenic challenge.

Although a majority of effector memory (CCR7-CD45RA™) T cells remain in lymphoid
tissue [6], an increasing proportion of these cells are detected in the peripheral circulation
with age. However, the magnitude of the change across different ages is not consistent
among studies. While Ono et al. observed effector memory proportions of 3% for CD4* T
cells and 4% for CD8* T cells in cord blood rising to 10% and 24% at 12-months of age,
respectively, Saule et al. observed lower levels of CD8™ cells in 5-10-year-olds and 10-20-
year-olds (10-90t" percentiles of 4-14% and 5-19%, respectively). Nevertheless, an
increasing trend with age was observed, with 20-40-year-old adults having 19% of CD4*
and 17% of CD8™ effector memory cells in peripheral circulation [16,22].

Finally, CD4" effector T cells, or terminally differentiated (CCR7~CD45RA™) cells, remain
relatively stable throughout the lifespan at levels of approximately 2-5% in peripheral
blood. By contrast, CD8* effector cells increase with age from around 12% in cord blood to
18% in 5-10-year-old children, increasing in adulthood to approximately 40% [16,22]. In
summary, the T-cell pool matures over the lifespan, resulting in a substantial reduction in
the proportion of naive T cells with concomitant increases in central memory, effector
memory and CD8* effector subsets that react and proliferate in response to antigenic
challenge.

Broadly, the B-cell population is composed of immature, immature transitional, naive
mature, activated mature and resting memory B cells, as well as terminally differentiated
antibody-secreting plasmablasts and plasma cells (Figure 2). Upon primary antigen
exposure, immature transitional B cells undergo rapid transformation, resulting in three
subpopulations of highly specific memory B cells — resting memory B cells, plasmablasts
and long-lived plasma cells [23] — and few data are available on normal ranges of B-cell
subsets in healthy individuals, particularly young children. B cells are typically defined by
the expression of CD19 or CD20 [23] and make up only 15-25% of the circulating
lymphocyte pool in children and adolescents [11]. Interaction between the CD154 (CD40L)
molecule on T cells and CD40 expressed by activated B cells induces the differentiation and
expansion of naive B cells into memory B cells [24]. Resting memory B cells constitute 1—
10% of the total B-cell population in the peripheral blood of children younger than 12
months of age and 19-42% in healthy adults (Table 1) [25-31], and are capable of
generating a rapid anamnestic response upon re-exposure to cognate antigens [32].

Memory B cells are commonly defined by expression of the CD27 surface molecule [33,34],
which binds CD70 on activated T cells and initiates B-cell terminal differentiation into
plasma cells [35]. Circulating plasma cells downregulate CD20 but further upregulate CD27
and CD38 expression, creating a distinct subset of CD19*CD20~ CD21-CCD27+*CD38**
cells [36]. As plasmablasts and plasma cells migrate through peripheral blood from germinal
centers to the bone marrow, tonsils and other sites of sequestration [37], they constitute only
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0.14% (range: 0.03-2.39%) of circulating peripheral blood mononuclear cells among
healthy adults. This proportion increased to 0.3-0.8% after vaccination with trivalent
influenza vaccine among healthy adults and, at its peak, vaccine-specific antibody-secreting
cells represented 63% of the total 1gG secreting cells as measured by enzyme-linked
immunospot assay [38]. Few studies assessed whether antibody-secreting cell proportions
differ significantly between children and adults, particularly after vaccination. Among
healthy controls participating in a study of systemic lupus erythematosus (SLE), no
differences were observed in the proportions of circulating plasma cell proportions between
14 adults and 14 5-16-year-old children [39].

Long-term serological memory relies on production of pathogen-specific antibodies and is
dependent on the development and maintenance of memory B-cell and plasma cell
populations [40]. Maintenance of protective antibody levels in healthy individuals was
shown to be a function of three mechanisms: first, transient, antigen-dependent stimulation
of memory B cells following re-exposure to cognate antigens, resulting in rapid proliferation
and differentiation of antibody-secreting plasma cells; second, ongoing, antigen-independent
B-cell expansion due to polyclonal stimuli resulting in continual, low-level proliferation and
differentiation of plasmablasts and; third, constant low-level production of antibodies by
long-lived plasma cells residing in the bone marrow [41].

The dominant mechanism by which antibodies are produced appears to depend on the
antigen, as indicated by heterogeneities in the quality, magnitude and duration of humoral
immune responses [42]. Longer antibody half-lives were demonstrated in response to acute
viral infections like measles and rubella viruses compared with nonreplicating proteins such
as diphtheria and tetanus toxoids [42]. In a longitudinal study of patients with SLE treated
with rituximab, which depletes circulating CD20* B cells but does not affect cells in the
bone marrow, antibodies to measles virus remained relatively stable after treatment but
antibodies to tetanus toxoid declined in most patients [43]. These findings suggest that a
large proportion of antibodies to measles virus may be produced by long-lived plasma cells
residing in the bone marrow, whereas antibodies to tetanus toxoid may require continual,
low-level B-cell differentiation. Other viral infections, such as influenza and smallpox
viruses, also induce long-lived protective antibody responses as indicated by the detection of
antibodies to the 1918 influenza strain among individuals born before 1916 [44] and the
correlations between IgG antibody levels against vaccinia virus and neutralization
capabilities [32]. Thus, resting memory B cells, plasmablasts, long-lived plasma cells and
pathogen-specific 1gG antibodies represent critical aspects of the humoral immune response
to infection and are responsible for long-term protective immunity following infection and
vaccination.

Effects of HIVon T & B cells & serologic memory

T cells

The distribution of T-cell subsets is disrupted by HIV infection through decreased
emigration of naive cells, increased immune activation and exhaustion, and increased
cellular turnover, all of which must be considered in the context of age at HIV exposure and
infection (Table 1). In a cohort of 20 Italian children with a median age of 9.8 years, those
with more severe disease had a significantly lower median proportion of naive CD4" T cells
(9.3%) compared with children with less severe disease (57.8%) [45]. As the thymus
involutes with age and naive T-cell production decreases [46,47], HIV may further
accelerate the decreasing rates of naive T-cell emigration. Thymic volumes in 18-30-year-
old HIV-infected adults were smaller in comparison to uninfected adults of the same age
[48], and TRECs were substantially decreased among 38-42-year-old HIV-infected adults
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compared with uninfected adults of the same age [18], suggesting that naive T-cell
emigration is partially suppressed in HIV-infected adults.

As naive T cells enter the circulation during HIV infection, albeit at slower rates, immune
activation by HIV and other antigens stimulate these cells to differentiate into effector
memory and effector phenotypes while central memory phenotypes are depleted [49,50].
Continual stimulation by HIV has been shown to produce an exhausted T-cell phenotype
with reduced proliferative and functional capacities [51]. As evidence of increased T-cell
activation by HIV, approximately 12% of CD4* and 40% of CD8* T cells expressed the
activation markers HLA-DR and CD38 in 1-10-year-old HIV-infected Ugandan children
compared with 6 and 20% of CD4* and CD8* T cells, respectively, in uninfected children
[52]. Among a cohort of Italian adults, HIV-infected individuals consistently showed higher
proportions of activated CD4* and CD8" T cells, as measured by the expression of CD38
and HLA-DR, in comparison to uninfected adults of the same age [53]. Positive correlations
were observed between the expression of CD38 and HLA-DR and apoptosis among CD4*
and CD8* T cells, suggesting T-cell turnover was associated with immune activation [53].

Naive CD4* and CD8* T cells are not only activated at higher levels but emigrate into the
peripheral circulation at higher rates in HIV-infected individuals with higher viral loads
[54,55]. Increased levels of activation markers were observed among both naive CD4* and
CD8* T cells in HIV-infected individuals with higher viral loads [56] and, as CD4* T cells
were depleted by HIV [49], increasing rates of CD4™ T-cell emigration occurred via
homeostatic mechanisms involving IL-7 [56]. High levels of IL-7 were demonstrated in
HIV-infected adults in association with increased CD4* T-cell depletion [57], but decreased
levels of IL-7 were recently reported among HIV-infected children [58]. As circulating IL-7
levels are believed to be regulated by T-cell consumption [59], increased rates of 1L-7
consumption by newly emigrated T cells may result in decreased IL-7 levels in younger
individuals [58]. Thus, immune activation as well as T-cell homeostasis contributes to T-cell
turnover and the recruitment of naive T cells into the peripheral circulation in HIV-infected
children.

As T-cell turnover occurs at higher rates in HIV-infected individuals compared with
uninfected individuals, chronic immune activation may inhibit the development of protective
responses following co-infection and vaccination. A recent review suggested antigenic load
and duration of exposure may play a role in T-cell phenotypic development [8]. Exposure to
antigens yields immunological memory to a diverse array of pathogens [16], yet the
magnitude and duration of antigenic stimulation induced by HIV and other chronic viral
infections (e.g., cytomegalovirus [CMV] or Epstein-Barr virus, for example) led to increased
clonal expansion of effector and memory cells specific for these viral antigens while
expansion of other pathogen-specific T cells are out-competed for space and resources in
immunologic survival niches. For example, proportions of CMV-specific memory and
effector T cells in HIV-infected adults were three times higher than in uninfected adults,
while mumps virus-specific T cells in HIV-infected persons were lower than in uninfected
individuals [60]. As prior exposure to CMV infection was detected in all study participants
and only one HIV-infected participant demonstrated clinically apparent CMV-associated
disease (retinitis), this suggested HIV-infected individuals generate an exaggerated cellular
immune response to CMV at the expense of the response to mumps virus. This study
indicates that HIV viral load may have a direct impact on T-cell phenotypic development in
response to HIV and other viral pathogens. Moreover, when children and adults with low
CD4* T-cell counts demonstrate a higher proportion of activated CD4* T cells [52,61],
fewer CD4* cells may be available for differentiation into memory cells upon exposure to
novel antigenic stimuli such as vaccines. Whether the antigenic burden accompanying
vaccination would skew vaccine-specific T cells towards an effector phenotype is unknown.
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B cells

Although HIV directly binds mature B cells, this is not considered a major pathway for
destruction or differentiation of B cells [62]. However, several studies have demonstrated an
association between levels of viremia in HIV-infected adults and B-cell death through
increased expression of activation markers on B cells, such as bcl-2, LAIR-1, Fas and Fas-L
[27,29,30,62-65]. Increased activation-induced B-cell death is consistent with lower levels
of CD277 B cells in HIV-infected adults compared with uninfected adults [30,65]. For
example, Italian and Swedish adults infected with HIV at least 7 years earlier had a median
of 19% memory B cells compared with healthy adults with a median of 33.8% memory B
cells [65]. In addition, expression of CD70 on the surface of T cells in HIV-infected adults
induced memory B cells to differentiate into plasma cells upon binding CD27 [34]. HIV-
infected Japanese adults had a mean of 5% of T cells that expressed CD70 while only 0.6%
of T cells expressed this marker in uninfected adults [66]. Thus, activation of CD27* B cells
by HIV promotes terminal differentiation into antibody-secreting plasmablasts, as well as B-
cell death.

Contrary to T-cell populations, HIV-infected individuals have a higher proportion of naive
(CD277) B cells among the total B-cell population compared with uninfected individuals, as
demonstrated by lack of CD27 expression on 88.1% of the total B-cell population among
HIV-infected Japanese adults compared with 68.6% CD27~ B cells in uninfected adults
[63]. Among children, 85% of the B-cell population in HIV-infected German children with a
mean age of 9 years were naive while only 73% were naive in uninfected controls [30].
Interestingly, CD154 expression on CD4™ T cells, which stimulates memory B-cell
development [34], was similar among HIV-infected and uninfected adults but memory B-
cell proliferation in response to activated CD4* T cells was lower among HIV-infected
adults [67]. This lower rate of memory B-cell proliferation was attributed to decreased
responsiveness of activated memory B cells to IL-2 in HIV-infected persons. Furthermore,
CD4* T cells from HIV-infected adults secreted less IL-2 during periods of viremia, and
IL-2 levels increased with decreasing viral load [68]. Thus, while the memory B-cell pool is
depleted through activation into plasmablasts, activated B cells differentiate at a slower rate
due to decreased B-cell responsiveness and lower IL-2 levels, creating a deficit of memory
B cells. Furthermore, high levels of immune activation during HIV infection have been
associated with an exhausted memory B-cell phenotype and increased levels of B-cell
apoptosis [26,64].

Differentiation of resting memory B cells results in hypergammaglobulinemia in HIV-
infected adults [66,69], which may adversely affect vaccine-specific memory cells and the
ability to appropriately respond to antigenic challenge. This also suggests an over-
abundance of antibody-secreting plasmablasts. Hypergammaglobulinemia and a decreased
proportion of measles-specific memory B cells were observed in Italian and Swedish adults
with recently acquired HIV infection compared with uninfected adults (0.2% and 1.01%,
respectively) [65]. Additionally, a mean antimeasles virus IgG titer of 4.9 1U/ml in adults
with chronic HIV infection was significantly lower than that of uninfected adults (8.9 1U/ml)
[65]. Interestingly, while adults with chronic HIV infection demonstrated decreased levels of
antimeasles virus 1gG produced by antibody-secreting cells in response to stimulation
compared with healthy controls, adults with primary HIV infection had an even poorer
response [65].

Antibody avidity may also be impaired by HIV infection. Significantly lower antibody
avidity was observed 3 months following revaccination against measles virus and 3 months
after natural measles virus infection in HIV-infected children compared with uninfected
children [70]. Whether a decrease in the level of antigen-specific antibodies and antibody
binding strength represents destruction of circulating plasmablasts and memory B cells,

Future Virol. Author manuscript; available in PMC 2011 November 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Rainwater-Lovett and Moss Page 7

dysfunctional terminal differentiation of B cells or a combination of these mechanisms is
unknown, but these observations indicate a reduced capacity of antibody-secreting plasma
cells to maintain protective immune responses in HIV-infected individuals.

Effects of HAART

T cells

Evidence for CD4* T-cell reconstitution after bone marrow transplantation and
chemotherapy suggests that both naive T-cell emigration and memory T-cell expansion
contribute to immune reconstitution and the contribution by each of these mechanisms is
influenced by an individual’s age (Table 1) [71-73]. While several studies of immune
reconstitution after HAART initiation observed correlations between age and naive T-cell
emigration or memory T-cell expansion [18,74—77], the relationship between age and the
dominant mechanism of reconstitution after HAART is not well characterized in terms of
when naive T-cell emigration wanes and memory T-cell expansion waxes. These
mechanisms most likely constitute a spectrum and depend in part on the memory cell
repertoire (Figure 3). The sequence in which an individual acquires HIV infection and
memory immune responses to pathogens likely has important implications for the principal
immune reconstitution mechanism. Thus, a perinatally infected child may reconstitute
differently after HAART initiation than an adolescent or adult who acquired immunologic
memory prior to HIV infection.

Thymic size in HIV-infected Italian children ranging in age from 6 to 15 years was
positively correlated with increases in naive T-cell levels after 12 months of HAART [45],
indicating that the effects of HIV on thymopoesis can be thwarted by effective therapy.
Naive, memory and total CD4* T-cell counts increased by 7, 4 and 12 cells/pl/day,
respectively, in three children younger than 3 years after 3 months of HAART, which were
significantly higher than 0.4, 0.2 and 0.6 cells/ul/day among ten children who were 5-16
years old [78]. In a cohort of HIV-infected French children aged 0.6-17 years, an initial
increase in naive and memory CD4* T-cell percentages occurred after 3 months of HAART,
but only naive cells continued to increase over a 1-year period from approximately 6 to 16%
[74]. This pattern of an initial increase in both naive and memory CD4* T cells followed by
sustained increases in naive CD4* T cells was also observed in HIV-infected European
children who demonstrated a 12% increase in naive CD4" T-cell percentage 48 weeks post-
HAART but no significant changes in memory cell percentage [79]. Unfortunately, studies
characterizing CD4* or CD8" T-cell subsets in children receiving HAART frequently do not
characterize age-related changes in uninfected children or measure these cell populations
prior to HAART initiation, making the effects of HAART difficult to quantify. Nevertheless,
current evidence suggests that T-cell reconstitution following HAART is more heavily
skewed toward naive T-cell emigration at younger ages.

Suppression of HIV viral load following HAART has been associated with rapid increases
in TRECs among adults 22-63 years old [18] but, in another study, naive CD4* T-cell
counts did not change significantly after HAART initiation despite increases in total CD4*
T-cell counts [76]. In South African adults, memory CD4* T-cell levels showed a sustained
and statistically significant mean increase from 34.2% at baseline to 47.8% after 3 months of
HAART, but an 8.9% increase in naive CD4* T-cell levels only occurred after 9 months of
therapy [80]. These studies suggest that while initial increases in both naive and memory
cell subsets occur in adults after HAART initiation, memory cell expansion plays a larger
role in older individuals than naive T-cell emigration.

Immune reconstitution following HAART appears to mirror the accumulation of memory T
cells over the life span, such that young children with relatively few memory cells
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B cells

predominantly reconstitute with naive T cells, adolescents or young adults reconstitute
through a combination of naive T-cell emigration and memory T-cell expansion, and older
adults reconstitute with the expansion of memory T cells. As thymopoesis continues to
occur into late adulthood, even in HIV-infected adults [81,82], naive T cells will be
detectable in most individuals regardless of age; however, the contribution of these cells to
immune reconstitution declines with increasing age of HAART initiation (Figure 3).
Furthermore, immune activation rapidly declines after HAART initiation in both children
and adults, as demonstrated by decreases in activation markers such as CD95 (Fas), CD38
and HLA-DR, as well as declines in the proportion of cells undergoing apoptosis [53,76,83—
85].

Despite increased levels of memory T-cell expansion in adults, proliferation of memory cells
in response to viral vaccine antigens are relatively weak. Decreased proliferation of
vaccinia-specific central memory CD4* T cells was observed in 30-59-year-old adults
treated with HAART and vaccinated against smallpox during childhood compared with
uninfected individuals of the same age [86]. When tested against another strain of smallpox
(NYVAC), HIV-infected individuals demonstrated a complete lack of memory T-cell
proliferation, whereas T cells from healthy controls proliferated at normal levels. Similar
failure of memory T-cell proliferation was shown in response to mumps and influenza
viruses in 39-66-year-old HIV-infected adults despite normalized CD4* T-cell counts and
viral load suppression while receiving HAART [87].

In contrast to T cells, fewer studies have assessed the effects of HAART on B-cell subsets.
A mean increase of 101 naive B cells/ul but only 20 memory B cells/ul were observed in
French adults after 18 months of HAART [88], indicating a predominant increase in naive B
cells. Among Japanese adults, naive B-cell frequencies were not significantly different
between drug-naive and HAART-treated HIV-infected and uninfected adults, but therapy-
naive HIV-infected adults had a mean of 11.9% memory B cells, significantly lower than the
16.1 and 31.4% of HAART-treated adults who had achieved undetectable HIV viral loads
and uninfected controls, respectively [29]. These findings suggest decreased rates of
memory B-cell apoptosis after beginning HAART or increased differentiation of naive cells.
One longitudinal study of the effect of HAART on B-cell populations among HIV-infected
American adults demonstrated a significant increase in memory B cells from 8.8 to 17%
following a decline in HIV viral load, suggesting a partial restoration of this cell population
[89]. Additionally, a decrease in Fas expression on B cells from Italian adults occurred
within 6 months of HAART initiation [26] and higher levels of Fas expression were seen
among the drug-naive, HIV-infected Japanese adults described above compared with
HAART-treated and uninfected individuals [29].

Very few studies have reported the effects of HAART on B cells in children. In a study
investigating the timing of HAART initiation among Italian children perinatally infected
with HIV, comparable memory B-cell percentages were observed between healthy,
uninfected children and HIV-infected children who initiated ART during the first year of life
[90]. Conversely, children who began HAART after the first year of life had significantly
lower percentages of memory B cells compared with healthy, uninfected control children
(16 vs 21%, respectively). Although the proportion of memory B cells appears to increase
after ART initiation in adults and children, whether emigration and expansion of naive and
memory B cells is similar to that of T-cell reconstitution remains unclear. Moreover, HIV-
infected children who begin HAART early in life appear to develop normal memory B-cell
responses, although this observation requires confirmation.
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Persistence of protective immunity to measles virus represents a model for studying
immunological memory, the immune dysfunction that accompanies HIV infection, and
immune reconstitution with HAART as exposure results in lifelong immunity due to the
maintenance of protective IgG antibody levels [204]. In general, low levels of immunity are
observed among HIV-infected children in response to vaccines received prior to the
initiation of HAART [91]. Untreated Zambian and Thai children infected with HIV
demonstrated similar peak antibody levels as those in healthy children, but significant
waning of antibody levels occurred over time, potentially creating a cohort of measles-
susceptible children as survival is increased in children treated with ART or HAART
[92,93]. A mathematical model demonstrated how high mortality rates among untreated,
HIV-infected children counterbalanced the impact of waning immunity on the build-up of
susceptible children, mitigating the effect of secondary vaccine failure on measles virus
transmission dynamics [94]. Upon HAART initiation, however, HIV-related mortality was
assumed to decrease and measles virus susceptibility and transmission increased, suggesting
a need to revaccinate HIV-infected children if HAART does not restore protective immune
responses.

The optimal timing of revaccination in relation to HAART is an important policy issue.
Several studies directly addressed whether HIV-infected children who lost protective
antibody levels can be effectively revaccinated against measles virus after HAART initiation
and approximately 60-83% of revaccinated children seroconverted to measles virus [95-97].
Two of these studies specifically assessed revaccination after achieving normal CD4* T-cell
percentages and reported the highest seroconversion rates of 82 and 83% [96,97]. This
proportion is similar to the approximately 85% of healthy children who seroconvert after
receiving one dose of measles vaccine at 9 months of age [204], suggesting that immune
reconstitution as measured by CD4* T-cell percentage could be an effective indicator for the
timing of measles revaccination. Furthermore, as CD4* T-cell percentage is commonly
measured, this would provide an efficient clinical marker for healthcare workers in less
developed settings.

Most studies indicate that if adults are infected or vaccinated prior to HIV infection, measles
antibodies persist [98,99], and therefore revaccination of most HIV-infected adults is likely
not warranted. However, development of antibodies following vaccination of six measles-
unexposed American adults after HIV acquisition occurred in only two individuals [100],
suggesting that HIV infection prior to vaccination reduces the likelihood of an antibody
response. In a study of measles revaccination in ART-treated Mexican adults who achieved
greater than 200 CD4* T cells/ul, only 34% maintained measles virus antibodies 12 months
after revaccination compared with 80% of uninfected individuals [98]. Thus, identifying
immunological risk factors associated with the loss of measles antibodies after vaccination
may help elucidate the underlying mechanisms involved in cellular and serologic memory
formation in both children and adults.

Some expansion of memory T cells occurs after HAART initiation in both children and
adults. Whether a similar expansion occurs with B cells has implications for reconstitution
of serological memory following HAART. Antibody levels against vaccines in HAART-
treated children are inconsistent [91]. For example, 40% of Kenyan children previously
vaccinated against measles but measles 1gG negative at the time of HAART initiation
developed positive measles IgG responses after 6 months of HAART; however, 57% of
children who were initially seropositive became measles IgG negative over the same time
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[95,101]. Others have also observed measles seroreversion in HAART-treated children
[101] but the underlying immunologic mechanisms are not clear.

Conclusion

Memory T- and B-cell populations increase throughout an individual’s lifetime due to
accumulated antigenic exposure to both natural infections and vaccinations. These exposures
result in the development of protective antibodies that are maintained through several
mechanisms. Infection with HIV produces aberrant immune activation that accelerates
cellular turnover and potentially impedes proper memory cell development. In children
infected with HIV in the perinatal period, this dysfunction produces poor long-term immune
responses to vaccines, as well as natural infections, that are not reversed in many children
following immune reconstitution with HAART. These children likely require revaccination.
Immunologic memory in adults may be disrupted after HIV infection but HAART initiation
results in the expansion of pathogen-specific memory cells. As antiretro-viral therapy
becomes more widely available, revaccination of children who successfully achieve immune
reconstitution and virologic suppression while receiving HAART may help restore
individual and population immunity.

Future perspective

The characteristics of immunological memory after vaccination of HIV-infected individuals
remain incompletely defined and recommendations for revaccination after immune
reconstitution require immunologic and epidemiologic evidence. Of particular note is the
paucity of data on infants and young children, particularly from geographically diverse
settings, which limits inferences on the characterization of immunologic changes during
HIV infection and after HAART initiation. Therefore, gaps in knowledge about when to
revaccinate remain. More children are expected to initiate HAART in early infancy and
early HAART may result in near normal immunological responses to vaccines. Longitudinal
studies measuring both T- and B-cell subsets at multiple time points are needed to more
fully understand the effects of HAART on immunological memory. B- and T-cell subsets
are infrequently measured concurrently but their interactions are critical to the development
of immunological memory. In addition to the classical interaction of CD4* T cells ‘helping’
B cells [4], regulatory B cells have been identified and may affect T-cell responses [102]
and require more investigation. In addition, parallels have been drawn between memory B-
and T-cell development [103] that may further understanding of the immunologic changes
resulting from HIV and HAART.
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Figure 1. Three proposed T-cell differentiation pathways

Effector cell development via memory phenotypes (dashed arrows), memory cell
development via effector phenotypes (dotted arrows), or independent memory and effector
cell development (solid arrows).
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Figure 2. B-cell differentiation pathway

As immature B cells emigrate from the bone marrow, antigen exposure yields either
memory B cells or plasmablasts. Plasma cells return to the bone marrow and secrete low
levels of antibody.
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Figure 3. Causal diagram of cellular reconstitution in the context of age
Initiation of HAART in infancy results in immune reconstitution with naive T cells. By
contrast, immune reconstitution at an older age relies on expansion of memory T cells.
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The effects of age, HIV infection and HAART initiation stratified by time of infection (perinatal vs adolescent

or adult infection) on T- and B-cell subsets.

Cell subset Effect of age

Effect of HIV

Effect of HAART

Perinatal infection

Adolescent/adult infection

T cells (CD3%)

Naive (CD45RA*CCRT7") 1[4 1 [62,53] 1 [78,82,83] <I1[80,84]
Central memory (CD45RA*CCR77)  11[19,20,24] 1152] o/t cpattres] 1084
/| cps*T [78,82]
Effector memory (CD45RA-CCR7*) 1 [19,20,24] 11531 o/t cpa+trgsz) ?
/| cps+T [78,82]
Effector (CD45RA"CCR7") <1 [19,24] 1153] ? 184
B cells (CD19*CD20")
Naive (CD21*CD27") /] [29,31,35] 1 [34,35] ? </1[31,91]
Resting memory (CD21*CD27*) 1[28,29,31,34,36] | [29] 1135,93] 1[31,91,92]

Arrows indicate the change in each cell subset as an increase (1), decrease (), no change («) or conflicting evidence («/] or «/1).

TMemory T-cell subsets were not evaluated based on CCR7 expression and were classified as total CD45RO™ memory cells.

Future Virol. Author manuscript; available in PMC 2011 November 1.



