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Abstract A detailed understanding of the cellular response to human immunodeficiency
virus (HIV-1) infection is needed to inform prevention and therapeutic strategies that aim
to contain the AIDS pandemic. The cellular immune response plays a critical role in
reducing viral load in HIV-1 infection and in the nonhuman primate model of SIV
infection. Much of this virus suppressive activity has been ascribed to CD8 " T-cell-directed
cytolysis of infected CD4™1T cells. However, emerging evidence suggests that CD8™T cells
can maintain a lowered viral burden through multiple mechanisms. A thorough under-
standing of the CD8"T-cell functions in HIV-1 infection that correlate with viral control,
the populations responsible for these functions, and the elicitation and maintenance of
these responses can provide guidance for vaccine design and potentially the development
of new classes of antiretroviral therapies. In this review, we discuss the CD8"T-cell
correlates of protection in HIV-1 and SIV infection and recent advances in this field.
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The CD8*T-cell response to HIV-1 infection

The human immunodeficiency virus (HIV) presents a unique set of challenges to the
cellular immune system. The rapidly evolving HIV-1 genome produces an ever-changing
milieu of available antigenic epitopes, while targeting cells that play a central role in the
cellular immune responses. Thus, the ability of the immune system to respond is impaired.
While currently approved therapeutics take advantage of weaknesses in the viral structure
and replication cycle, a successful vaccine must rely upon the generation of effective
immune responses that are rapidly available and functional at the time of virus challenge.

Engaging the most robust cellular response to limit virus replication for those that do
become infected will also have a tremendous impact on the HIV-1 epidemic. Because high
plasma viral load correlates with risk of HIV-1 transmission, a reduction in virus load by
functional CD8™T cells is likely to decrease the number of new HIV-1 infections at the
population level. During acute HIV-1 infection, CD8*T-cell responses correlate with the
initial decline in virus replication [1, 2] (reviewed in [3]). Despite this decline in HIV-1
viremia, the majority of HIV-infected individuals are unable to control virus replication
below the level of detection without antiretroviral therapy. Studies of immune responses in
those few who are able to control HIV-1 replication have found strong associations
between the immune response driven by CD8*T cells and viral control. Early CD8%-cell
depletion studies in experimentally SIV-infected rhesus macaques demonstrated that
CDS8™T cells are critical for controlling virus replication in vivo; without these cells, virus
replicates wantonly to up to ten times the levels seen in the presence of CD8*T cells [4-6].
Furthermore, it has been well established that those HIV-1 seropositive individuals who
maintain high CD4*T-cell counts and are clinically healthy for extended periods of time
(long-term nonprogressors) [7-11] and those who control viral replication to low (virus
controllers) or undetectable (elite controllers) [1, 12, 13] levels are more likely to have
strong, early CD8*T-cell responses than those who progress to disease. Viral control and
low setpoint have also been attributed to specific HLA types (e.g., HLA B57, 5801, 27)
[14-17], with recent genome-wide association studies ascribing 12% of viral setpoint
variability to HLA-related variation [18].

Thus, the CD8 " T-cell response to HIV infection has been shown by various means to be
critical for the control of HIV-1 and SIV replication once infection has been established.
However, CD8™T cells are not a singular entity with a singular function. At any given
time, these cells exist along a complicated differentiation pathway and are capable of
numerous functions, many of which could affect viral replication. While a great deal of
effort has been applied to understanding the character of the CD8'T cells that are
responsible for viral control, it is an ongoing and evolving field, particularly in regard to
the assays used to measure and characterize CD8*T cells. It is clear from the results of a
recent vaccine study [19] that the full anti-HIV functional properties of CD8*T cells must
be determined in order to define a correlate for protection. We highlight here some recent
advances in the understanding of CD8™T cells and the correlates of viral control in both
HIV-1 and SIV infection.

CD8™" T-cell-dependent virus evolution
Key evidence that an immune response is critical for HIV control can be found in the effect

that the response has on virus replication and evolution. CTL activity has long been known
to arise concurrently with viral decline ([1, 2] (reviewed [20]) (Fig. 1) and to select for
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Fig. 1 CD8 + T-cell responses impact viral load and setpoint. CD8"T-cell responses arise rapidly
following infection. Viral load in plasma (shown in blue) peaks during the acute phase and is typically
lowered to a detectable viremic setpoint in the absence of antiretroviral therapy, concurrent with the
development of the CD8'T-cells response (shown in red). CD8'T cells contribute toward this viral load
reduction through lytic clearance of infected cells and inhibition of virus replication. Successful virus
control in the absence of therapy is associated both with strong HLA-dependent CTL activity and increased
expression of cytokines, suggesting a role for nonlytic mechanisms as well. (Color figure online)

escape variants [21-24] (reviewed [3]). These functional virus-specific T-cell responses
arise earliest among all of the virus-specific adaptive immune responses that eventually
appear following transmission. Recently, these observations have been extended in a study
combining mathematical modeling, functional IFNy ELISpot assays, and intracellular
cytokine staining to demonstrate in four acutely infected patients that transmitted/founder
viruses can escape from CTL responses as rapidly as 2—4 weeks following screening
(Fiebig stage II) [24]. Additional mathematical modeling applied to the observed evolu-
tionary changes in CTL epitopes suggested that the very early responding CD8™T cells in
these patients had a causal effect on the control of acute viremia.

Subsequently, ultra deep-sequencing of longitudinal samples from three acutely infected
patients (two overlapping with the study described above) was applied to an investigation
into the early evolution of CD8"T-cell epitopes [25]. The vast majority of sequence
diversity within the first month following infection was found within CTL epitopes, sug-
gestive of intense selective pressure exerted by CD8T cells very early following infection.
Likewise, a similar study of eight acutely SIV-infected macaques examining diversity in
specific CTL epitopes in Nef, Tat, and Gag [26] found that SIV escape from CTL pressure
also coincides with peak CD8*T-lymphocyte response followed by profound, but incom-
plete, clearance of the transmitted virus species. Balamurali and colleagues demonstrated
through real-time PCR analysis of wild-type and CTL escape mutant SHIV-infected
macaques that escape mutant—infected cells were cleared by CD8 + T cells at the same rate
as cells infected with wild-type virus. These data suggest that CD8 + T-cell-mediated
noncytolytic mechanisms may also exert sufficient pressure to drive immune escape [27].

Additional studies of HLA-restricted viral evolution have shown the impact of the
CD8*T-cell response on viral fitness and replication capacity. Using replicative fitness
assays on Gag variants identified during acute and chronic HIV infection, Brockman and
colleagues have shown that CTL escape has a detrimental effect on virus fitness [28].
Furthermore, the replicative defects were more pronounced in escape from HLA-B57, B58,
and B13 restricted epitopes and during acute infection. Fitness defects were rescued by
compensatory mutation during chronic infection, even in the presence of known protective
alleles. This suggests that long-term viral control is determined by CTL responses during
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the resolution of acute viremia or that additional CD8* T-cell functions are playing a role in
controlling virus in these patients during the chronic phase of infection.

Viral targets of CD8*T-cell-mediated inhibition

HIV and SIV encode only nine defined proteins. However, each is recognized to varying
degrees as targets for the T-cell response. A large body of evidence suggests that Gag-
directed responses are immunodominant in chronic HIV and SIV infection and are asso-
ciated with low viral loads [29-31]. Recent studies have re-examined the CD8'T-cell-
related correlates of control in the context of elite control and CD8*T-cell-mediated
antiviral activity. Following peak viremia, elite HIV controllers reduce and maintain
plasma viral loads to levels below our ability to detect them (Fig. 1). Recent studies of this
unique cohort have used IFNy ELISpot as well as functional antiviral assays to affirm an
important role for Gag-directed responses in viral control [32]. However, a lack of CD8"T-
cell-mediated antiviral function in 5 of the 19 elite controllers examined in this study
suggests that correlates of control outside of those measured in this study may be
responsible for control in these individuals. A second recent study, conducted by Julg and
colleagues, examined the role of epitope-specific CD8*T-cell-mediated antiviral activity
during the chronic phase of clade C-infected subjects [33]. The breadth of the Gag-specific
response, as defined by IFNy release, was found to associate most strongly with antiviral
activity and lower viral loads.

When considering the early effects on virus evolution and fitness, as described above, it
becomes clear that CD8 " T-cell responses likely change over the course of infection and
those responses that occur early following infection may have a dramatic effect on the
disease course. Studies examining the earliest CD8*T-cell-mediated responses to SIV
infection have described a pattern of changing immunodominant regions immediately
following infection and alternative epitopes. Mapping of the presentation kinetics and
antiviral activity of CD8"T-cell epitopes in HIV and SIV infection has shown distinct
patterns of presentation that, in part, depend upon HLA context [34, 35]. Studies of HIV
infection of HLA-B27-positive individuals demonstrated CD8"T-cell-mediated antiviral
activity associated with rapid presentation of Gag and Pol epitopes (within 6 h following
infection), followed by Vpr epitopes late after infection (at 18 h). However, Gag presentation
was still associated with the strongest antiviral response [36]. Following infection, immune
responses may be mounted most rapidly to pre-existing targets that do not require de novo
synthesis or to targets that are most rapidly generated. Presentation of Vpr- and Rev-directed
epitopes in SIV-infected cells has been detected by kinetic intracellular cytokine staining
assay (IFNy and TNFo) at 6 h after infection, with one Rev epitope appearing after only 1 h
of infection, suggesting that CD8'T cells recognizing these epitopes could act almost
immediately following infection [37]. The dichotomy between the timing of the Vpr
response in these two studies may be due to differences in the discreet epitopes being studied,
human or animal model, or method used to assess the response. Additionally, the develop-
ment of very early escape mutations in Nef epitopes suggests that Nef-specific CD8™ T cells
can also exert significant selective pressure rapidly after infection [24].

Finally, emerging data have challenged the notion that epitopes are limited to these nine
well-characterized proteins by suggesting that CD8'T cells can recognize epitopes derived
from alternate reading frames [38, 39]. These cryptic epitopes were found to be immu-
nogenic during both early and chronic HIV infection [39], accounted for up to a quarter of
the total CD8'T-cell-mediated anti-SIV response, could be found at high frequency
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1-2 weeks following SIV infection [38], and could be generated to high frequencies
through vaccination [40]. The clear message from these studies is that infected cells can
process and present antigen rapidly following infection and presumably following
appropriately targeted vaccination.

Functional correlates of virus inhibition and T-cell differentiation

Two of the most critical questions regarding CD8" T-cell function that we can address in
the race to develop an efficacious vaccine are as follows: which CD8'T cells are
responsible for virus control and how do they inhibit virus. The studies described above
have provided some clarity into the effect that CD8*T cells can have on virus, and the viral
targets against which CD8" cells are most effective. Current research is also directed at
understanding which populations along the CD8"-cell differentiation pathway are most
effective in inhibiting viral replication, and what functions they use to inhibit.

CDS8™T cells differentiate along a pathway from naive through central memory to ter-
minal effector. It is widely accepted that effector and memory T cells are primed for a rapid
secondary response to infection, whereas naive T cells have not encountered antigen and are
not immediately functionally active. Associations have been drawn between CD8 T-cell
differentiation state and viral control [41-43]. However, the variable ability of cells within
the central memory populations to inhibit viral replication has only recently been evaluated.
Julg and colleagues not only addressed the inhibitory capacity of Gag-directed CD8™ cells
(as described above) but also demonstrated that those patients who had broad Gag responses
and were able to inhibit viral replication better also had higher frequencies of terminal
effector CD8™ cells [33]. Yet, no relationship was found between viral inhibition and
frequencies of cells within subsets of the central memory compartment. CD8*T cells from
high Gag responders were significantly better able to proliferate, suggesting that cells
outside of the terminal effectors are likely contributing to the antiviral effect. We have also
investigated chronically HIV-infected virus controllers and seronegative vaccinees in an
effort to dissect the ability of cells from various differentiation stages to inhibit viral
replication by combining phenotypic cell sorts and functional antiviral assays [44]. Naive
cells, not unexpectedly, were unable to inhibit virus replication. However, cells from very
early memory stages through terminal effectors were able to potently inhibit virus repli-
cation with no significant differences found between memory cells and terminal effectors.

Antiviral function in CD8™T cells is not characterized by a single cellular function, and
individual cells may be capable of producing many effector molecules (Fig. 2). Poly-
functionality is often described as the ability of a cell to produce at least 3 measured
markers (typically, CD107a, MIP-1f, IFNy, IL-2, TNFa«, and perforin) and has been
associated with CD8 " T-cell-mediated virus control [9, 45, 46]. However, the correlates of
antiviral function are not yet clearly understood. We have demonstrated that CD8*T-cell-
mediated antiviral function in virus controllers and vaccinees is associated with Clade B
Env and Gag-specific MIP-1f8 and CD107a expression as monofunctional and dualfunc-
tional populations and that IFNy correlates with viral inhibition only in the context of
co-expression with one or both of these markers [44]. In other studies, epitope-specific
evaluation of HLA-B and HLA-C-restricted responses demonstrated a predominance of
monofunctional cells, the highest being MIP-1p, followed by IFNy and CD107a [47].
Higher percentages of polyfunctional cells positively correlated with CD41T cell counts,
but no significant correlations were found between polyfunctionality and viral load. CTL
activity is associated with high levels of perforin. In a recent study examining CTL
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Fig. 2 Multifactorial nature of CD8*T-cell-mediated inhibition s of HIV-1 and SIV replication. Illustrated
here is a CDS™T cell (red) interacting with HIV-1 or SIV-infected CD4™T cells (biue). CD8'T cells may
direct lysis by releasing perforin and granzymes. Additionally, CD8¥T cells may inhibit virus replication
through secretion of cytokines, chemokines, and other unidentified molecules. (Color figure online)

correlates of viral control, Hersperger and colleagues demonstrated clear associations
between elite virus control and increased perforin expression in largely terminal effector
populations [48]. Furthermore, the level of perforin expressing cells correlated with viral
load. IL-2 and TNFa were also expressed to higher levels in elite controllers and virus
controllers than in individuals who were viremic and progressed, while MIP-1o and IFNy
expression levels were statistically higher only in virus controllers, but not elite controllers.
It is unclear at this time which, if any, of these molecules are entirely responsible for
mediating virus inhibition or whether they are acting in concert with co-expressed but
currently unmeasured factors.

Mechanisms of CD8" T-cell-mediated antiviral activity

Correlations between perforin expression and viral control is compelling evidence that
cytolysis plays an important role in maintaining viral control. However, recent studies from
two independent groups studying CD8'T-cell depletion in SIV-infected macaques have
come to the singular conclusion that clearance of infected CD4*T cells does not account
for the totality of the viral control exerted by CDS™T cells [49, 50]. One of these studies
examined the life span of infected CD4*T cells in vivo after depletion of CD8"T cells
during the early and late chronic phases by applying measurement of viral load and
computer modeling to estimate the rate of decay of productively infected CD41T cells.
[49]. ART was introduced after infection to limit viral production to cells that were
infected during the acute phase. While viral load increased significantly following CD8"T-
cell depletion, no differences were determined between the decay rate of infected cells in
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the presence of CD8™T cells or with ART alone. Interestingly, the cytokine plasma levels
(MIP-1a, IFNy, IL-7, TNFax) were also decreased following CD8'T-cell depletion in some
but not all of the animals. A second concurrent study also examined CTL clearance of
STV-infected cells following in vivo CD8*T-cell depletion and ART treatment with very
similar findings regarding viral load and CD4 " T-cell clearance [50]. Taken together, these
studies indicate important roles for CD8'T-cell-mediated antiviral functions, beyond
cytolytic clearance of infected cells, in controlling virus replication in vivo.

Cytokine release following peptide stimulation, as is seen in IFNy and TNFo ELISpot
assays, and correlations between expression levels of chemokines with known antiviral
activities (MIP-1f) and CD8*T-cell-mediated virus inhibition [44] are not evidence of
causality. In our study, levels of IFNy expressing cells did not independently correlate with
antiviral capacity, and MIP-1f expression correlated with antiviral activity against X4
viruses, for which there is no known mechanism [44]. Viral inhibition mediated by CD8'T
cells is likely mediated by multiple factors with multiple effector mechanisms [51-55].
Measurement of these functions may, therefore, be indicative of cells that are broadly more
capable of producing antiviral molecules.

Epigenetic regulation of CD8'T cells could provide a means for regulating the pro-
duction of multiple inhibitory molecules in CDS8™T cells. The rapidity of the memory
CD8*T-cell response could be attributed to epigenetic control of transcription factors
responsible for perforin, granzyme B, and IFN-y production through chromatin remodeling
[56-58]. The generation of potent antiviral CD8*T-cell responses may depend upon the
availability of multiple functions that are differentially expressed throughout cellular
maturation. Distinct, epigenetically regulated gene expression patterns have been associ-
ated with memory CD8'T-cell differentiation [59]. Chromatin modification by histone
deacetylation (HDAC complexes) can play a substantial role in the repression of tran-
scription (reviewed in [60]). We have examined the ability of an HIV-1 suppressive
CD8*T-cell line and primary CD8™T cells from an elite controller to regulate histone
deacetylation in HIV-1-infected cells [61]. CD8'T cells were able to potently suppress
HIV-1 replication. Inhibition of histone deacetylation led to increased viral replication and
reversed the CD8"T-cell-mediated suppressive effect in target/effector cell cocultures.
However, no changes were observed in the acetylation state of the HIV-1 LTR. Pre-
treatment of CD8 T cells with an HDAC inhibitor demonstrated that histone deacetylation
within the CD8%-cell chromatin is required for optimal HIV-1 suppression. Conversely,
studies of the cytolytic response have shown that HDAC inhibitors augment the cytolytic
response of CDS'T lymphocytes [62]. Exposure of CD8'T lymphocytes to a HDAC
inhibitor during antigen stimulation increased specific killing and secretion of IFNy, MIP-
lo, and MIP-1f [62]. These data further distinguish the cytolytic and noncytolytic
responses in CD8'T lymphocytes and indicate distinct networks of genes that mediate
each response. Adding to these observations is a study by Williams and colleagues dem-
onstrating epigenetic regulation of telomerase expression in primary CD8'T cells from
HIV-1 controllers [63]. Patterns of hyper- and hypomethylation of the proximal and distal
telomerase catalytic subunit promoters differed between elite controllers and progressors.
Thus, epigenetic evaluation of CD8™T cells in the context of virus suppression and control
has suggested that effective CD8'T cells may be determined by chromatin structure.
Further investigations are necessary to dissect the effect of these genetic differences on
proliferative capacity and expression of functional molecules.

CDS8™T cells can utilize noncytolytic mechanisms to suppress HIV-1 replication through
the secretion of soluble factors. We have found that the secretion of MIP-1f, MIP-1a, IP-10,
MIG, IL-1a, and interferon gamma correlated most strongly with soluble noncytolytic
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suppression [64]. Using the ability of histone hyperacetylation to alter the expression of
immune-related genes, we identified MIP-1o and IP-10 among the immunemodulatory
genes that were downregulated by histone hyperacetylation. This work demonstrated that a
multifactorial cytokine profile exists for CD8"T lymphocytes that are capable of mediating
noncytolytic suppression of CXCR4-tropic HIV-1 replication. Further characterization of
noncytolytic suppressive CD8'T lymphocytes is needed to distinguish between the factors
responsible for mediating virus inhibition from those that mark a cytokine signature of
noncytolytic suppression.

Mucosal T-cell responses

HIV-1 is predominantly a sexually transmitted disease; thus, a robust mucosal response
before HIV-1 infection and virus latency is established could be critical for HIV-1 eradi-
cation. Several groups have demonstrated that HIV-1 robustly replicates in gut-associated
lymphoid tissue (GALT), during all stages of HIV-1 infection [65] and that cells within
these tissues are the initial population of cells infected by HIV-1 [66]. Ferre et al. dem-
onstrated that HIV controllers have polyfunctional HIV-specific T-cell responses in rectal
mucosa that could be differentiated from the T-cell responses in the blood [46]. It is
unknown whether the polyfunctional nature of the mucosal T cells corresponds to the ability
to inhibit HIV replication. Of note, Shacklett et al. [67] found that some controllers had
strong mucosal CD8'T-cell responses, as measured by CD107a, IFNy, MIP-1f, and TNFa,
that were discordant from the blood. Furthermore, rectal HIV-1-specific CD8™T cells
expressed MIP-1§ and CD107a that positively increased with CD4 " T-cell counts [68].

In the nonhuman primate model, immunization with an attenuated virus showed pro-
tection associated with the presence of CD107-expressing CD8™T cells in the genital tract
[69]. Hansen and colleagues [70] demonstrated that vaccination with an RhCMV vector
expressing SIV antigens, shown to elicit robust SIV-specific, CD4 4 and CD8 + TEM
responses at extralymphoid sites (with TNF, IFN-y, and MIP-1/ expression and cytotoxic
degranulation), could protect against limiting dose, intrarectal challenge. These finding
strongly indicate that T cells, particulary TEM, can be protective against mucosal chal-
lenge. Thus, further studies to understand the function of mucosal T cells and how to elicit
the most appropriate T-cell response by vaccination are needed. The quality of the CD8™T
cell response is clearly important for protection; thus, understanding the cytokine profile
and the lytic capability of antigen specific CD8'T cells both systemically and mucosally
will be central to our understanding of the type of CD8*T-cell response that needs to be
elicited to control HIV-1 replication. Critical to further the design of preventive and
therapeutic HIV-1 vaccines that aim to elicit robust mucosal T-cell responses for inhibiting
HIV-1 replication will be to determine whether mucosal CD8™T cells can inhibit diverse
strains of HIV-1.

Application of CD8" T-cell-mediated correlates of protection to development
of therapeutics, vaccines, and efficacy monitoring

CDS8'T cells represent an immune response that has been shown to be critical for con-
trolling viral replication. CD8*T cells not only contribute toward the resolution of acute
viremia but also exert significant selective pressure on the virus resulting in fitness defects.
Antigen presentation has been found to occur swiftly following infection and may account
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for the rapidity of the T-cell response. It is yet unclear whether the CD8" T-cell responses
that are able to most potently inhibit replication and drive viral fitness defects early in
infection are able to be durably maintained or replaced in chronic infection nor, to what
extent, the critical epitopes vary among virus controllers with and without known con-
trolling HLA alleles. With additional insight into the dynamics between CD8*T-cell-
mediated control and virus evolution, prime boost vaccine strategies may be devised to
target changing CD81T-cell responses in the event that sterilizing immunity through the
humoral arm is unsuccessful.

Understanding the functional correlates of CD8*T-cell-mediated immune control may
have beneficial implications for the design of both successful therapeutics and efficacious
vaccines. New evidence of perforin and MIP-1§ associations with viral control and anti-
viral activity supports roles for both lytic and nonlytic mechanisms in viral control; while
CD8*T-cell depletion studies in nonhuman primate models suggest that nonlytic mecha-
nisms may play an even more important role in maintaining viral control than previously
thought. We have yet to fully elucidate the relationship between cytokine-/chemokine-
driven virus suppression and MHC-dependent elicitation of adaptive responses. A better
understanding of this relationship may suggest a means for directing the immune system to
produce more efficacious suppressive responses.

While it is not yet known specifically which CD8"T-cell derived molecules mediate
potent antiviral effects, correlational studies suggest that the effector molecules are likely to
be coexpressed with commonly measured determinants such as MIP-14, CD107a, and
possibly perforin. Epigenetic studies have shown that differences in chromatin structure
characterize CD8T cells from virus controllers and play a role in CD8*T cell-mediated
virus suppression, suggesting a mechanism by which suppressive cells may be primed for
better proliferation and increased protein expression. Characterizing the molecular mech-
anisms that CD8 T cells from virus controllers use to control virus replication could lead to
new classes of therapeutics. Additionally, the identification of novel correlates of CD8*T
cell-mediated control could provide a more accurate means of evaluating vaccine efficacy.

As a therapeutic cure for HIV-1 infection and a sterilizing vaccine currently is elusive, it
becomes increasingly important to understand the correlates of immune protection that can
protect from disease in the event that infection occurs. While a sterilizing vaccine remains
the optimal goal, improving the quality of the immune response following virus break-
through can have a tremendous impact on the resolution of the global pandemic. Reduction
in circulating and compartmentalized virus can improve health of the infected individual: It
can also significantly slow the spread of infection by reducing transmission risk. Thus, it
remains critical that we continue to evaluate the role that CD8'T cells play in controlling
viral replication by establishing clear connections between virus control and CD8T-cell
function and monitoring our ability to incite these beneficial cellular responses.
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