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Abstract
Disruption of circulating γδ T-cell populations is an early and common outcome of HIV infection.
T-cell receptor (TCR)-γ2δ2 cells (expressing the Vγ2 and Vδ2 chains of the γδ TCR) are depleted,
even though they are minimally susceptible to direct HIV infection, and exemplify indirect cell
depletion mechanisms that are important in the progression to AIDS. Among individuals with
common or normally progressing HIV disease, the loss of TCR-γ2δ2 cells has a broad impact on
viral immunity, control of opportunistic pathogens and resistance to malignant disease. Advanced
HIV disease can result in complete loss of TCR-γ2δ2 cells that are not recovered even during
antiretroviral therapy with complete virus suppression. However, normal levels of TCR-γ2δ2 were
observed among natural virus suppressors (low or undetectable virus without antiretroviral
therapy) irrespective of their MHC haplotype, consistent with their disease-free status. The pattern
of loss and recovery of TCR-γ2δ2 cells revealed their unique features and functional capacities,
and encourage the development of immune-based therapies to activate and expand this T-cell
subset. New research has identified drugs that might reconstitute the TCR-γ2δ2 population,
recover their functional contributions, and improve control of HIV replication and disease. Here,
we review research on HIV and TCR-γδ T cells to highlight the consequences of depleting this
subset and the unique features of TCR-γδ biology that argue in favor of clinical strategies to
reconstitute this T-cell subset in individuals with HIV/AIDS.
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T-cell receptors & cell types
Mammalian genomes encode two alternate sets of T-cell receptor (TCR) genes. Helper
(CD4+) and cytotoxic (CD8+) T cells express a heterodimeric TCR composed of one α and
one β chain. TCR-αβ cell clones recognize peptide epitopes associated with MHC class I or
II molecules on cell surfaces. MHC recognition and specific patterns of transcription factor
expression dictate whether individual clones develop into CD8+ or one of several CD4+

subsets [1].

The requirement for MHC in antigen presentation restricts TCR-αβ cells’ recognition to
epitopic peptides that include anchor residues appropriate for binding to individual MHCs.
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This complex system contains 105–106 individual TCR-αβ cell clones in most adults that
anticipate the vast array of environmental antigens [2–4]. Most of these clones may never be
used, and the majority of TCR-αβ cells circulate as naive, antigen-inexperienced cells
surviving via cytokine-dependent homeostatic proliferation. Cells responding to persistent
viral agents are maintained as antigen-experienced memory that declines slowly with age.
For example, T cells specific for cytomegalovirus become increasingly oligoclonal with age
[5,6], although some clones survive at least for decades. The exquisite mechanisms for cell
homeostasis and memory generation have been reviewed elsewhere [7].

Besides the familiar TCR-αβ found on MHC-restricted CD4+ and CD8+ T cells, another
TCR exists that bypasses MHC interactions and shows less rigid compartmentalization into
these lineages. Prior to the early steps of thymic education and TCR-αβ selection, primitive
thymocytes may rearrange an alternate TCR chain designated Vδ, and divert to a pathway
that results in expression of TCR-γδ, which is a heterodimer of γ and δ chains.

The human TCR-γδ chains are encoded by genomic loci, with only three Vδ chains and
seven Vγ chains available for generating mature TCR that recognize a unique profile of non-
peptidic antigens and do not require classical MHC class I or II presentation. These three
features; fewer V genes, lack of MHC restriction and recognition of nonpeptidic antigens,
are key to understanding the unique properties of TCR-γδ cells.

Individual Vδ+ subsets are enriched within distinct anatomic compartments. Vδ1+ cells are
prominent in the intraepithelial layer of mucosal surfaces, where they respond to stress
antigens on epithelial cells [8] and produce IL-10 but little or no IL-2, IL-4 or IFN-γ [9].
Vδ1 cells also appear in blood, but the intraepithelial and blood populations seem to mix
little or not at all [10,11]. Cells expressing the Vδ2 chain are also found in the mucosa but
seem to inhabit only the lamina propria layer. The Vδ2+ population is found mostly in blood
and secondary lymphoid tissues; blood and lamina propria layer subsets interchange and
have the same subset distribution [12,13]. Overall, TCR-γδ cells comprise 5–10% of
circulating lymphocytes in healthy adults. Among most healthy adults, the ratio of Vδ2:Vδ1
cells in blood is approximately 3–10; mechanisms controlling this ratio are unknown. The
Vδ2 cells were significantly more abundant in Caucasian compared with African–American
healthy controls [14] and the Vδ2:Vδ1 ratios were inverted in healthy adults from Ghana
[15], suggesting that environmental or genetic factors control the balance of subsets.
Compensatory changes for Vδ2 and Vδ1 populations in blood suggest a homeostatic
balancing mechanism that controls the overall blood count, similar to what was seen in mice
[16].

Sensing of cell stress is an important role for TCR-γδ cells and provides a general context
for understanding their properties (reviewed in [16,17]). Stress may result from cellular
damage, neoplastic transformation or infection. In stressed cells, there is marked
upregulation of MHC-associated molecules, including murine T10 or T22 and human
nonpolymorphic CD1c [18,19]. Human Vγ2Vδ2 T cells are potently stimulated by
isoprenoid pathway intermediates from bacteria [20,21]. Viral antigens, including
herpesvirus glycoproteins [22,23] or unknown molecules induced by Listeria infection [24],
may also signal stress and the capacity for TCR-γδ cells to discriminate transformed from
normal cells.

Stress sensing may also involve MHC-like molecules including MICA or MICB [25] and
the ULBP ligands [23] that bind to natural killer (NK) receptor molecules on TCR-γδ cells.
Through combinations of ligands for TCR-γδ and NK-like receptors, γδ T cells recognize
stressed cells and generate potent responses that include proinflammatory cytokine secretion
and cytotoxicity.
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Impacts of infectious diseases on TCR-γδ cells
HIV infection alters blood levels for both the Vδ1 and the Vδ2 subsets. The Vδ1 cells in
blood express one of five Vγ chains (Vγ1.2, 1.3, 1.4, 1.5 or 1.8) [26]. Few antigen-specific
responses have been reported for human Vδ1 cells, and there are few associations between
specific Vγ chain use and function [27]. More recently, Vδ1 cell responses to Candida
albicans, including production of IL-17 [28], and human herpes-virus-8 [29] have been
reported. Additionally, a recent study in SIV-infected macaques argued that intestinal
microbial translocation in pathogenically infected animals released stimulatory molecules
into blood that triggered Vδ1 cell proliferation [30].

Activated Vδ1 cells can be cytotoxic effectors but have a narrow range of cell targets
including T-cell leukemias [31,32]. Polyclonally activated Vδ1 cells from HIV-infected
donors were also cytotoxic for normal CD4+ T cells [33]. The Vδ1 subset is often expanded
in HIV-infected individuals [34,35], which inverts the Vδ2:Vδ1 cell ratio, possibly due to
microbial products that accumulate in blood when mucosal boundaries fail and allow
microbial translocation. If these same cells are cytotoxic for uninfected CD4 T cells, Vδ1
cell activation may promote CD4 cell depletion and HIV disease progression. Thus,
Candida albicans, prominent pathogens in HIV-infected patients, have the potential to
stimulate Vδ1 cells and promote disease progression. It may be important to prevent or
reverse the accumulation of cytotoxic Vδ1 cells when considering potential therapeutic
targets involving TCR-γδ T cells.

As noted earlier, Vδ2:Vδ1 cell ratios are inverted in patients with progressing HIV disease.
We and others also showed that functional responses of Vδ2 cells were lost in HIV disease
[36,37] and bulk depletion of this subset also contributed to inverting the ratio. Functional
responses to phosphoantigens, a property of healthy Vδ2 cells, were lost even while the
overall CD4+ T-cell count remained roughly in the normal range [37]. With detailed flow
cytometry for Vδ2+ cells and molecular analyses of the TCR repertoire [38], we were able
to show specific depletion of Vδ2+ cells in HIV disease. Loss of these Vδ2 cells was a
significant factor in the inverted Vδ2:Vδ1 ratio [38,39]. Vδ2 cell depletion was observed
consistently in patients with HIV disease, except for a group of natural virus suppressors
(elite controllers) that are discussed later. A unique aspect of HIV disease is that cell
depletion impacts one specific subfamily of Vδ2 cells expressing the Vγ2Vδ2 TCR (also
known as Vγ9Vδ2). Among unrelated HIV-infected individuals, loss of Vγ2Vδ2 T cells is
ubiquitous and the extent of depletion was related to disease progression in a population
(southern Chinese former plasma donors) all infected with the same strain of HIV at roughly
the same time [40].

We have tried to understand why TCR-γδ cell depletion is narrowly focused on one specific
subfamily of cells expressing the Vγ2Vδ2 TCR. The stimulating antigens for Vγ2Vδ2 T
cells are low-molecular-weight pyrophosphate intermediates of isoprenoid biosynthesis
(generally termed phosphoantigens) [41]. Phosphoantigen-responsive cells preferentially
express the Vγ2Vδ2 TCR and the γ chain uses only the Jγ1.2 joining segment (also known
as JP) [42]. Since phosphoantigens are ubiquitous, coming from mammalian, bacterial or
protozoan metabolism, the Vγ2-Jγ1.2 Vδ2+ subset is stimulated chronically throughout life
and expands to dominate blood TCR-γδ cells in healthy adults [43]. Selection and expansion
of cells expressing the Vγ2-Jγ1.2 chain rearrangement introduces a bias into the population
that can be observed by spectratyping, a method that measures length diversity in a
population of Vγ2 chain mRNA. The mRNA coding region length is impacted by size
differences among individual J segments, deletions occurring during V-J rearrangement and
the extent of nontemplated nucleotides added during recombination. For Vγ2 chains, the
naive repertoire is best exemplified by cord blood where the unselected chains have lengths
that center around 984 nucleotides (coding region length) and include all possible J
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segments (Figure 1). In healthy adults, the repertoire shifts because of strong selection for
the Vγ2-Jγ1.2 rearrangement; the peak is now found between 990 and 996 nucleotides, and
more than 75% of Vγ2 chains in this size range contain the Jγ1.2 segment [42]. With the
onset of HIV infection, we observe specific loss of Vγ2-Jγ1.2 chains (which are most
responsive to phosphoantigen stimulation) and a consequent shift of the spectratype back
toward the naive or cord blood profile [42,44]. In adults, loss of Vγ2 chain lengths in the
region of 990–996 nucleotides in length is diagnostic for HIV disease, and we used this
metric to characterize infection, disease progression and outcomes of therapy.

Chronic exposure to microbial or host-derived phosphoantigens selects for Vγ2Vδ2 T cells
and creates a highly biased repertoire of antigen-experienced cells. The circulating
population contains few naive cells (CD27+/CD45RA+) [45], being mostly T central
memory (CD27+/CD45RA-), and is functionally redundant. Redundancy means that a large
collection of independent T-cell clones, each with the Vγ2-Jγ1.2 rearrangement but having
distinct γ-chain CDR3 region sequences, all respond to phosphoantigens.

Phosphoantigen stimulation is required to maintain a bias toward Vγ2-Jγ1.2 chains and the
predominance of the memory phenotype. It has been suggested that chronically stimulated
cells are depleted during HIV infection because of virally induced expression of FasL or
TNF-related apoptosis-inducing ligand and an exaggerated susceptibility of TCR-γδ cells to
these killing mechanisms [46,47]. However, the mechanism for Vδ2 cell depletion in HIV
disease remains enigmatic. Few of these cells express CD4 and they are poorly susceptible
to direct HIV infection. The loss of Vδ2 cells is considered an indirect consequence of HIV
disease, but one so efficient that Vγ2-Jγ1.2+ cells may no longer be found in perhipheral
blood mononuclear cells from individuals with chronic, progressing HIV disease. Once the
Vγ2Vδ2 subset is lost completely, these cells return slowly or not at all during antiretroviral
therapy [39,48].

The loss, and in worst cases seeming extinction, of Vγ2Vδ2 T cells has several impacts on
HIV disease. First, Vγ2Vδ2 cells normally produce copious amounts of proinflammatory
cytokines IFN-γ and TNF-α that are important for promoting effective type 1 immunity
against HIV. Second, these cells produce β-chemokines (e.g., macrophage inflammatory
protein-1α [MIP1-α], macrophage inflammatory protein-1β [MIP1-β] and RANTES) that
block virus attachment to the CCR5 co-receptor [49]. TCR-γ2δ2 cells also express CCR5
and might be altered by targeted drugs such as the CCR5 antagonist Maraviroc. Third,
Vγ2Vδ2 T cells are potent effectors in antibody-directed cell cytotoxicity [50,51], a
mechanism that is important for HIV inhibition by the fraction of circulating, virus-specific
antibodies that fail to neutralize infection but still bind the envelope glycoprotein. Fourth,
Vγ2Vδ2 cells may be directly cytotoxic for HIV-infected CD4 T cells [52]. Fifth, Vγ2Vδ2 T
cells express the costimulatory ligand CD137L (4-1BBL), which engages the CD137
receptor, activates NK cells and increases their cytotoxicity [53]. Importantly, CD137L is
also needed for CD4+ T-cell activation; T cells costimulated through CD137 have increased
resistance to inhibition by regulatory T cells [54]. Thus, CD137L+ Vγ2Vδ2 T cells may be
important costimulators for CD4 T-cell function. Last, Vγ2Vδ2 T cells have multiple effects
on dendritic cell (DC) function. There are reciprocal interactions between TCR-γδ cells and
DCs using both cytokine and contact-dependent mechanisms that increase expression levels
of DC costimulatory molecules, promote TCR-γδ cell proliferation and increase the
production of proinflammatory cytokines IFN-γ and TNF-α [55,56]. Through their capacity
to activate NK cell cytotoxicity, TCR-γδ cells may play a crucial role in the mechanism for
DC editing. The editing process removes immature, immunosuppressive DCs, which are
MHC class I-negative and susceptible to activated NK cells [57], leaving lymph nodes with
enriched populations of mature DCs that are potent for antigen presentation and T-cell
activation. Considering the impact of Vγ2Vδ2 cells on these, and possibly other important
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mechanisms for viral immunity, it is clear that HIV-mediated depletion of Vγ2Vδ2 T cells is
part of the mechanism for HIV evasion of host defenses and establishment of chronic,
persistent infection with progressing disease.

One goal for immunotherapy targeted at TCR-γδ T cells is to prevent or reverse damage to
the Vγ2Vδ2 subset and regain antiviral functions of this cell population. To establish the
rationale for developing new immunotherapies targeted at TCR-γδ cells, we review the
clinical research on TCR-γδ T cells.

Clinical aspects of TCR-γδ cells & HIV disease
T-cell receptor-γδ cells have been reported to play a role in resistance to viral [58], bacterial
[59] and protozoan diseases, and some of these have been reviewed [60]. We also know that
human Vδ2 are expanded to very high levels during convalescence from holoendemic
malaria [61] or Francisella tularemia infection [62], showing that they respond directly to
pathogens and disease. The original observations in patients suggested that HIV disease
caused anergy in the Vγ2Vδ2 population, which explained the loss of functional responses
to phosphoantigen. However, we subsequently showed that functional responses were lost
when the Vγ2-Jγ1.2 subset was depleted, which explained why treatment did not lead to
rapid recovery of the Vδ2 subset. These studies were performed with clinical specimens
from HIV-infected patients who had received at most one antiretroviral drug with
incomplete virus suppression during the early 1990s. The patients frequently had low CD4
cell counts and progressing disease with evidence of ongoing virus replication and infection
[38]. Cross-sectional studies in these progressing patients showed severe depletion of
Vγ2Vδ2 T cells [39]. Subsequent longitudinal studies examined patients who were among
the first to switch from no or single drug therapy to combination antiretroviral therapy.
Again, these individuals generally had low CD4 T-cell counts; Vγ2Vδ2 T cells were
extremely low and did not recover during the 2.5-year interval of combination therapy [48].
Once Vγ2Vδ2 T cells were depleted severely, recovery of this population occurred slowly or
not at all. These results were discouraging because most HIV patients in the early studies
had too few Vγ2Vδ2 T cells to justify targeted immunotherapy. A later cross-sectional study
that included patients treated sooner after infection and with better antiretroviral drugs gave
an indication that Vγ2Vδ2 T cells could be recovered when virus was suppressed for a
sufficiently long time [39]. The Vγ2Vδ2 cell levels and functional responses approached
50% of control levels after an average of 8.7 years of therapy and were higher in patients
with greater than 350 CD4 T cells/mm3 [45].

Recent clinical studies provided additional support for a protective role of Vδ2 cells in HIV
disease. We developed a cohort of HIV-infected patients with consistently low or
undetectable vRNA levels without antiretroviral therapy and without disease progression
(natural viral suppressors [NVS]) [63]. Similar patients have been called elite controllers,
elite suppressors and HIV controllers at other institutions [64]. This subset of patients
appears exceptional among long-term nonprogressors, because they have unique host
immune and/or genetic factors that combine to suppress and control HIV. When Vδ2 cells
from NVS donors were compared with age-, gender- and race-matched controls, the levels
were similar in both groups, indicating that NVS patients are the only group of HIV-infected
individuals with normal levels of Vδ2 cells [65]. However, a closer look at the repertoire of
Vδ2 cells showed that HIV infection originally damaged the Vδ2 cell population but
uniquely among NVS, the Vδ2 cells recovered to normal levels once viral replication was
controlled [65]. NVS patients had normal levels of Vδ2 cells but the population was less
complex (in terms of TCR repertoire) because there was an initial round of cell depletion
that was similar in people with common HIV disease (requiring therapy) and the NVS
group.
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This pattern was familiar from early studies of CD4 T-cell populations in HIV disease.
Antiretroviral therapy promotes an increase in CD4 cell count for most patients by
expanding cell clones that remain after the initial onslaught of HIV [66]. Even though CD4
cell levels increase during therapy, some antigen responses are not recovered because those
particular clones were already extinguished. The comparison between Vδ2 and CD4 T cells
also highlights a key difference in the capacity of these two cell populations. Among the
Vγ2Vδ2 cells, many distinct clones respond to the same phosphoantigen. CD4 T-cell
populations are more complex, with fewer clones reacting to individual peptide epitopes
[42]. There is a functional redundancy among Vδ2 cells such that a damaged population that
expands to normal cell levels can approximate the function of a healthy, undamaged
population (Figure 2). This represents a fundamental difference between TCR-αβ and TCR-
γδ T cells. The TCR-αβ populations are highly complex with little redundancy and once
depleted are difficult to recover. TCR-γδ cells, especially the Vγ2Vδ2 subset, are highly
redundant and withstand HIV-mediated depletion while maintaining the capacity to expand
and resume normal function once virus replication is contained. It is conceivable that
treatments aiming to stimulate Vγ2Vδ2 T cells can be potent in HIV-infected individuals, as
long as phosphoantigen-reactive cells have not been extinguished. Considering the trends to
early initiation of antiretroviral therapy, an increasing proportion of patients should retain
the response to phosphoantigen and the potential to benefit from targeted immunotherapy.

Immunotherapy strategies targeting Vγ2Vδ2 T cells
An important goal for research on NVS or elite controllers is to identify mechanisms of
immunity unique to this group. Several genes, including alleles of MHC class I [67], have
been associated with NVS status but novel therapeutic targets have not yet emerged from
this research. Our finding that Vγ2Vδ2 cells are reconstituted to normal levels in the NVS
group implies that targeted immunotherapy may be a strategy for recreating the immunity
status of NVS and controlling HIV disease. One approach is to stimulate the Vγ2Vδ2 subset
in HIV-infected individuals so that partial or complete reconstitution of preinfection cell
levels will be attained, and then observe the impact on vRNA, CD4 counts or other markers
of HIV disease progression.

This takes advantage of the unique antigens for Vγ2Vδ2 T cells. Since they do not require
MHC class I or II presentation, γδ T cells recognize a broad range of molecules, including
nonpeptidic compounds. The Vγ2Vδ2 subset recognizes phosphoantigens, which are
intermediates in microbial or host isoprenoid biosynthesis. This same pathway (leading to
cholesterol biosynthesis in mammals) has been the target of multiple therapeutic drugs,
including the class of bisphosphonates used to treat osteoporosis and cancer.
Bisphosphonates are incorporated by myeloid lineage cells, including osteoclasts and DCs
[68,69]. They block metabolic conversion of isopentenyl pyrophosphate (Figure 3), allowing
this phosphoantigen to accumulate until stimulatory levels are reached [70]. In vitro,
bisphosphonates added to peripheral blood mononuclear cells from healthy donors are
potent stimulators of Vδ2 cell proliferation and effector function [71].

Bisphosphonates are advancing as experimental treatments for human cancers with the
specific objective of activating Vδ2 T cells, increasing tumor surveillance and promoting
cytotoxic killing of malignant cells. The roles for Vδ2 T cells as anticancer agents have been
reviewed elsewhere [72–75]. Normally, γδ T cells are active in tumor surveillance [76];
stimulation and expansion of these potent cells may contribute to improved outcomes in
patients with malignancies. The earliest studies used pamidronate to treat myeloma [77,78].
Administration of pamidronate plus IL-2, which is needed to support cell division, increased
circulating Vδ2 cells and produced objective clinical responses in multiple myeloma.
Similar results were obtained with zoledronate (trade name Zometa®) plus IL-2 treatment
for hormone-resistant prostate cancer [79]. In each case, the Vδ2 cell activation and
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expansion were correlated directly with objective clinical responses to cancer. Whether we
might substitute other cytokines (e.g., IL-7 or IL-15) for IL-2 has not been explored in
patients. In our hands, IL-15 can replace IL-2 for most proliferation or cytokine studies, but
may have different effects on cytotoxicity [Unpublished Data].

Bisphosphonates have been used safely in HIV-infected patients for the treatment of HIV-
related osteoporosis, and they are generally considered safe and effective first-line therapies
for HIV-related bone disorders [80]. Until recently, studies have not looked at the in vivo
effects of bisphosphonates on TCR-γδ cells in HIV-infected patients. Zoledronate, a newer
bisphosphonate, plus IL-2 were given together to patients with early HIV infection [81],
with a resultant marked expansion of the Vδ2+ subset and a shift of cells into the effector
memory (CD27−/CD45RA−) subset. The treatment protocol was completed without
significant adverse events. However, in that study there were no attempts to evaluate
treatment impacts on vRNA or CD4 levels. By defining appropriate clinical groups for
Vγ2Vδ2 T-cell-targeted therapy, early-stage safety studies may be completed to support
more extensive trials on the utility of Vδ2 cell-targeted therapy. The guiding concept is that
bisphosphonate/IL-2 treatment will elevate Vδ2 cells, thereby replicating the circumstance
in our NVS group and leading to improved ‘natural’ control over HIV disease. Other
potential benefits, including improved tumor immunity and better control of opportunistic
pathogens, are desirable consequences of this approach.

Obstacles & opportunities for immunotherapy targeting Vγ2Vδ2 T cells
As described earlier, our strategy proposes bisphosphonate/IL-2 therapy as an adjunct HIV
treatment with the goal of reconstituting Vδ2 cell functions and increasing host control over
HIV disease. This direction presents an enormous opportunity for advancing the agenda of
novel approaches to long-term HIV treatment and control. Successful outcomes might
include slower disease progression, reduced comorbidities (especially cancer), and lowered
or modified requirements for antiretroviral therapy. However, we recognize two specific
obstacles to progress that may require additional investigation.

The possibility always exists that new treatments will elicit significant adverse events
(SAEs). Bisphosphonates alone are generally safe, with a high therapeutic index for their
licensed indications in bone resorption and malignant disease. The significant complications
of esophageal erosion and osteonecrosis of the jaw have declined with newer drugs and
delivery routes, but are not yet eliminated. There are clear health benefits for bisphosphonate
use in HIV-infected patients, especially improved bone mineral density [4,80]. Even among
HIV-negative individuals, zoledronate was associated with lower death rates for elderly hip
fracture patients with improved recovery from pneumonia and lowered arthrosclerosis [82].

Published studies on bisphosphonate/IL-2 therapy for cancer reported relatively minor
adverse effects including fever, injection site soreness, nausea and diarrhea [79]; no SAEs
were reported. Especially for prostate cancer, there was a direct correlation between Vδ2
cell responses to zoledronate/IL-2 and objective clinical responses. Thus, positive
therapeutic impacts of bisphosphonate/IL-2 treatment were observed in patients with
advanced cancer without SAEs. In HIV disease, we must be aware of the potential for
immune reconstruction syndrome [83]. Activated TCRγδ cells will produce
proinflammatory cytokines and caution must be taken to minimize or manage the potential
consequences of immune reconstitution.

A more substantial obstacle may be the capacity to achieve and sustain durable responses to
bisphosphonate/IL-2 therapy. Repeated drug treatments in cancer patients showed a pattern
of declining responses during extended dosing schedules [79]. The declining responses were
attributed to the development of anergy, although formal tests for anergy have not yet been
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reported. In the context of HIV infection, the potential to develop anergy means we are
confronted with a potential short-term therapy window for a long-term, chronic disease. Our
laboratories are defining protocols for Vδ2 cell activation, including adding
immunomodulators such as rapamycin that increase the yield of cells and potentially
modulate the onset of anergy [84]. Both of these potential obstacles, the risk for SAEs and
anergy, are being addressed but will not be resolved without definitive human clinical trials.
Perhaps the more critical questions focus on the rationale and clinical objectives for human
trials.

To provide context to the work on Vδ2 cell responses, consider the impact of antiretroviral
therapy on CD4 T cells. The initial effect of HIV infection is a progressive reduction in CD4
cell counts. When a threshold value around 200 CD4 T cells/mm3 is reached, there is a sharp
increase in opportunistic infections and cancer. With the onset of potent, combination
antiretroviral therapy that achieves substantial and durable virus suppression, most patients
begin to recover CD4 cell counts. In our studies, Vδ2 levels were not well-associated with
CD4 count among HIV-infected individuals with long-term treatment, although Vδ2 levels
were generally higher for HIV patients with greater than 350 CD4 T cells/mm3 [45]. Thus,
we cannot expect conventional antiretroviral therapy to repair or reconstitute the Vδ2 cell
population and additional strategies, including bisphosphonates plus IL-2 treatment, may be
required. Clearly, it is important to pursue human clinical trials to determine the
responsiveness of Vδ2 cells in HIV-infected patients, address safety concerns and improve
the rationale for interventional studies designed to assess the impact of targeted
immunotherapy on HIV disease.

Conclusion
γδ T cells are dramatically impacted by HIV infection, including expansion of the Vδ1
subset and depletion of the Vδ2 subset. Substantial functional deficits also result, especially
in the Vδ2 cell population. As reviewed here, new research into this cell population has
provided insights into how HIV effects on γδ cells are correlated with disease progression.
New findings in this field have identified novel approaches for potential treatment targets
that could help to correct these deficits and achieve stable, long-term virus control. By
focusing on improving the host’s response to chronic HIV infection, new pathways for
achieving control of HIV infection may be realized.

Future perspective
The challenges for HIV therapy are to adopt sustainable antiretroviral regimens that are
suitable for long-term use and have acceptable toxicity profiles, or to focus on modifying
host responses to improve natural control over virus replication and disease. New
antiretroviral therapies continue to emerge in a remarkable joining of science and industry
that has developed safe, effective and low-toxicity drugs with the capacity for potent virus
suppression by multiple mechanisms [85]. We envision similar opportunities for virus and
disease control through manipulation of host immunity.

Several approaches are possible for HIV immunotherapy. One might imagine therapeutic
vaccination, seeking to elicit specific immune responses to viral components with the goal
of reconstituting a capacity for immune suppression of virus. Therapeutic vaccination might
be augmented by high-efficiency delivery methods, novel adjuvants, costimulatory
molecules and informed selection of virus targets. Delivery methods may include
recombinant viruses, bacteria, nanoparticles or other novel formulations. When combined
with appropriate adjuvants and costimulatory molecules, these components of a vaccine
dose are intended to manipulate innate immunity in order to improve the acquired immune
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response against specific viral antigens. Thus, the field of HIV immunotherapy is
approaching the problem of modifying host immunity through manipulation of basic
immunoregulatory circuits, but progress is slowed by the vast array of potential choices of
vaccine components and the nature of HIV-mediated destruction of immune cells,
particularly the critical CD4+ T-cell subsets.

Targeted activation of γδ T cells is an alternative to traditional immunotherapy for HIV.
This strategy seeks to increase the impact of γδ T-cell viral immunity and to ‘tune’ the
immune response by promoting DC maturation and polarization to type 1 responses. The
ability to administer low-toxicity drugs, including bisphosphonates plus moderate doses of
IL-2, allows us to favor beneficial antiviral immunity and overcome the immune deviation
that has been noted in HIV disease [86]. This seemingly subtle approach to treating HIV
disease may be of critical importance for improving virus control. The ultimate objective
would be to reconstitute a favorable environment of potent antiviral immunity and reduce
the need for conventional antiretroviral therapy.

The proposal to modulate γδ T-cell activity as an approach to HIV treatment does not stand
in isolation. Our concepts and plans for clinical studies are facilitated by the evolving
standard of care that affords HIV-infected patients access to potent antiretroviral therapy at
an earlier stage in disease. By treating earlier, patients retain greater proportions of their
immune capacity, especially in the γδ T-cell population. The redundant nature of this T-cell
subset provides normal functionality even after an HIV-mediated depletion and subsequent
immune reconstitution, which is not uniformly true for CD4+ T-cell responses. The γδ T-cell
response to phosphoantigen is ubiquitous and one of few approaches for activating a specific
T-cell subset in every person, with the capacity to inhibit HIV disease and the valuable
additional benefit of stimulating a potent arm in the tumor surveillance mechanism. This
critical tool may become an important adjunct therapy in HIV disease, especially as we face
the problems of chronic antiretroviral therapy and increasing risk for cancer.
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Figure 1.
The distribution of Vγ2 chain lengths in many naive (cord blood), healthy or HIV-positive
individuals shows the significant impact of infection on the T-cell receptor repertoire,
including the preferential loss of antigen-responsive chains with lengths between 990 and
996 nucleotides.
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Figure 2. HIV depletes αβ T-cell clones and, despite increasing cell numbers during treatment,
these clones and their functional responses are not recovered
The redundancy of Vγ2Vδ2 T cells absorbs the initial impacts of HIV. When cell members
are recovered during treatment, normal function also returns. Clonal depletion occurs in both
types of T cell, but the impact on function is less for the Vγ2Vδ2 subset.
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Figure 3. Vγ2Vδ2 T cells respond to intermediates (green) of bacterial or mammalian isoprenoid
biosynthesis
Pathway inhibitors (red) can block the production of stimulatory intermediates (statins) or
cause them to accumulate (bisphosphonates).
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