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Abstract

Vy2Vo2 T cells, a major human yo T cell subset, recognize the phosphoantigen (E)-4-hydroxy-3-
methyl-but-2-enyl pyrophosphate (HMBPP) produced by mycobacteria and some opportunistic
pathogens, and they contribute to innate/adaptive/homeostatic and anticancer immunity. As initial
efforts to explore Vy2Vo2 T cell-based therapeutics against HIV/AIDS-associated bacterial/
protozoal infections and neoplasms, we investigated whether a well-defined HMBPP/IL-2
therapeutic regimen could overcome HIV-mediated immune suppression to massively expand
polyfunctional Vy2Vé2 T cells, and whether such activation/expansion could impact AIDS
pathogenesis in simian HIV (SHIV)-infected Chinese rhesus macaques. While HMBPP/IL-2
coadministration during acute or chronic phase of SHIV infection induced massive activation/
expansion of Vy2V§2 T cells, the consequences of such activation/expansions were different between
these two treatment settings. HMBPP/IL-2 cotreatment during acute SHIV infection did not prevent
the increases in peak and set-point viral loads or the accelerated disease progression seen with 1L-2
treatment alone. In contrast, HMBPP/IL-2 cotreatment during chronic infection did not exacerbate
disease, and more importantly it could confer immunological benefits. Surprisingly, although viral
antigenic loads were not increased upon HMBPP/IL-2 cotreatment during chronic SHIV infection,
HMBPP activation of Vy2Vo2 T cells boosted HIV Env-specific Ab titers. Such increases in Abs
were sustained for >170 days and were immediately preceded by increased production of IFN-y,
TNF-q, IL-4, and IL-10 during peak expansion of Vy2Vd2 T cells displaying memory phenotypes,
as well as the short-term increased effector function of Vy2Vé2 T cells and CD4* and CD8* a8 T
cells producing antimicrobial cytokines. Thus, HMBPP/Vy2Vo2 T cell-based intervention may
potentially be useful for combating neoplasms and HMBPP-producing opportunistic pathogens in
chronically HIV-infected individuals.

While current therapeutic and prevention strategies for HIV infection are mainly focused on
antiretroviral treatment (ART)3 and vaccine induction of virus-specific B cell or CD4 and CD8

IThis work was supported by National Institutes of Health Grants R01 HL64560 and R01 RR13601 (both to Z.W.C.).

2Address correspondence and reprint requests to Dr. Zheng W. Chen, Department of Microbiology and Immunology, Center for Primate
Biomedical Research, University of Illinois at Chicago, College of Medicine, 835 S. Wolcott Avenue, MC790, Chicago, IL 60612.
zchen@uic.edu.

Disclosures

The authors have no financial conflicts of interest.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Alietal.

Page 2

af T cell immune responses, ART requires life-long administration, and preventive
immunotherapies have not yet achieved significant levels of protection. The latter is likely due
to our incomplete grasp of correlates of protection as vividly illustrated in the recent failure of
the STEP vaccine trial (1,2). These findings rationalize a more thorough exploration of the role
of other immune mechanisms with direct and/or indirect anti-HIV potential as novel strategies
for HIV therapy. Among such alternative immune components, Vy2V¢2 (also called
Vy9V§2) T cells have received only minimal attention, although they represent the major
circulating yo T cell subset in primates, normally constituting 2-5% of peripheral blood T
lymphocytes, and they are unique in their ability to massively expand in response to various
bacterial and protozoal infections (3) and notably increase in patients with certain cancers (4,
5). Vy2Vo2 T cell expansion appears to be specifically mediated by low molecular mass
foreign- and self-nonpeptidic phosphorylated metabolites of isoprenoid biosynthesis (e.g.,
(E)-4-hydroxy-3-methyl-but-2-enyl pyrophosphate (HMBPP), isopentenyl pyrophosphate
(IPP), and its isomer dimethylallyl pyrophosphate) (6-8), commonly referred to as
phosphoantigens. HMBPP is produced in the 2-C-methyl-D-erythritol-4-phosphate pathway
of isoprenoid biosynthesis of most eubacteria, apicomplexan protozoa, plant chloroplasts, and
algae, but not in vertebrates and thus not in the human host (9). Although IPP is also produced
in humans, its bioactivity is ~10* lower than that of HMBPP (6,10,11). Thus, much higher
levels of endogenous IPP (e.g., those produced during cellular stress or transformation) (4,
12,13) are likely needed to trigger IPP-specific Vy2Vo2 T cell responses.

We hypothesize that lentivirus-infected cells are metabolically stressed and may accumulate
substantial levels of endogenous IPP or other molecules that can activate Vy2Vo2 T cells, which
in turn may regulate the infected cells by suppressing their biological function. In vitro,
Vy2V2 T cells from healthy donors proliferate in response to HIV-infected cells (14), exert
a powerful cytotoxic activity against HIV-infected targets (15), suppress HIV/SIV replication
(15,16), and produce the HIV/SIV inhibitory g-chemokines (16,17) and other antiviral factors
(14,16). Additionally, since activated Vy2Vo2 T cells influence dendritic cell maturation (18)
and the adaptive o T cell (19,20) and B cell (21,22) responses, they may also have indirect
antiviral activities. Furthermore, Vy2Vo2 T cell responses may be important in combating
opportunistic infections (23-27) and neoplasms (4) that arise in advanced HIV infection.
However, the direct cross-regulation of HIV and massively expanded Vy2Vd2 T cells has not
been characterized in vivo.

Previous investigations report a depletion of Vy2Vo2 T cells during HIV infection (28,29) and
ex vivo experiments using Vy2Vd2 T cells from HIV* patients have indicated these cells are
impaired in their proliferative (30) and cytokine expression abilities (31). Thus, the potent
Vy2V62 T cell antiviral activities observed in healthy donors appear markedly diminished in
HIV-infected patients and in nonhuman primate models of HIV (32), likely as a result of
diminished Vy2V2 T cell numbers and function (28,31,33,34). These changes may contribute
to inadequate antiviral immune responses as well as the coincident development of
opportunistic infections and neoplasms (35), and they are only partially reversed by highly
active antiretroviral therapy (HAART) (36). This set of findings provides a rationale for
attempting to modulate Vy2V62 T cells in vivo to delineate their exact role in the context of
lentivirus infection and to explore them as novel potential immunotherapies. We previously
reported that treatment of healthy macaques with the Vy2Vé2 T cell Ag HMBPP along with
IL-2 costimulation leads to massive expansion of circulating Vy2Vo2 T cells as well as marked
accumulation of these cells at mucosal sites (37). These activated Vy2Vé2 T cells were able
to potently produce cytotoxic and antimicrobial factors and also influenced af T cell responses
(37). Additionally, we have also found that HMBPP-specific Vy2Vo2 T effector cells confer

3Abbreviations used in this paper: ART, antiretroviral treatment; HMBPP, (E)-4-hydroxy-3-methyl-but-2-enyl pyrophosphate; SHIV,
simian HIV; HAART, highly active antiretroviral treatment.
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homeostatic protection against mucosal lesions (38). Thus, treating lentivirus-infected
macaques with HMBPP plus IL-2 would provide a useful model to evaluate the potential
immunotherapeutic benefits of activated Vy2VJ2 T cells.

To address this, we utilized a HMBPP/IL-2 cotreatment regimen in the pathogenic simian HIV
(SHIV) model of AIDS in Chinese-origin rhesus macaques. We found that HMBPP/IL-2
cotreatment during early and chronic phases of infection led to massive expansion of
Vy2V52 T cells as well as transient increases in CD4* and CD8" o8 T cells. HMBPP/IL-2
cotreatment during chronic SHIV infection led to (1) increases in effector Vy2 and af T cells
displaying proinflammatory memory phenotypes and producing antimicrobial cytokines; (2)
increases in systemic IFN-y, TNF-q, IL-4, and IL-10; (3) sustained increases in virus-specific
Abs; and (4) no exacerbation of disease with regard to rectal mucosal CD4 T cell depletion,
plasma viral loads, and survival. In contrast, HMBPP/IL-2 cotreatment during acute SHIV
infection, perhaps due to effects of the IL-2 treatment, increased peak and set-point plasma
viral loads, and prevented seroconversion to viral gp120 or gag, with some animals becoming
moribund earlier than sham-treated controls. These findings demonstrate that functional
Vy2V2 T cell responses can be elicited during early and chronic phases of SHIV infection
with exogenous IL-2 plus HMBPP cotreatment and that at least during chronic infection, these
mechanisms may be explored further for potential immunotherapeutic benefits against AIDS-
associated malignancies or coinfections with HMBPP-producing microbes, even in those
individuals with extremely low CD4 T cell counts.

Materials and Methods

Animals

Seventeen Chinese-origin rhesus macaques (Macaca mulatta), 6.6 + 0.5 years in age and 4 to
7 kg in weight that were free of simian retrovirus, simian T lymphotrophic virus type 1, and
SIV infection, were used in this study. All animals were maintained and used in accordance
with guidelines of the Institutional Animal Care and Use Committee. Animals were
anesthetized with 10 mg/kg ketamine HCI (Fort Dodge Animal Health) i.m. for all blood
sampling, infections, and treatments. Animals were inoculated i.v. with 1000 50% monkey
infectious doses SHIV89.6P (original stock described and provided by K. Reimann (39)) in 1
ml of 10% FBS-RPMI 1640. EDTA anticoagulated blood was collected at various time points
before and after infection. Day 0 blood was drawn immediately before infection.

HMBPP and IL-2 administration

HMBPP was synthesized and administered as described previously (37). Human recombinant
IL-2 (Proleukin; Chiron) was administered as described previously (37) with the exception of
the dose, which was given based on the weight of the animals since the macaques used here
were larger than those used in previous studies (37). Briefly, each time that treatment was
administered, macaques received a 1-ml i.m. injection of 50 mg/kg HMBPP and 0.5-ml s.c.
injections of 0.25 million 1U/kg IL-2 once daily for 5 consecutive days beginning on the day
of HMBPP treatment. As controls, animals received 0.25 million 1U/kg IL-2 alone or sham
injections of saline (1 ml i.m.) and sterile double-distilled H,O (0.5 ml s.c. for 5 consecutive
days).

Rectal mucosa sampling

Before rectal biopsy sampling, animals were subjected to 24-h fasting and were anesthesized
with 1-2 mg/kg xylazine (Ben Venue Laboratories) and 10 mg/kg ketamine HCI i.m. Animals
were restrained in ventral recumbency with the pelvic area supported and elevated ~10-13 cm
above the remainder of body. With the aid of a speculum, 2 x 3-mm biopsy forceps were used
to collect 8-10 superficial tissue biopsies at each time point.
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Isolation of lymphocytes from blood and rectal mucosae

PBL were isolated from freshly collected EDTA blood by Ficoll-Paque Plus (Amersham)
density gradient centrifugation before analysis. Lymphocyte isolation from freshly collected
rectal mucosal biopsies were done according to Veazey et al. (40) with minor changes. Briefly,
biopsies were collected in RPMI 1640 containing 5% FBS (Invitrogen), washed, incubated for
30 min (37°C, 300 rpm) in 5%-FBS-HBSS plus 5 mM EDTA, and, upon washing, incubated
in 5% FBS-RPMI 1640 plus 90 U/ml collagenase (Sigma-Aldrich) for 1 h (37°C, 300 rpm).
Samples were repeatedly aspirated with a 16-gauge needle to disrupt tissue and filtered through
70-um cell strainers before layering on Percoll gradients (35 and 60%) and centrifuging at 1700
rpm for 20 min, after which the cells from the interface between the 35 and 60% Percoll layers
were collected and washed with 10% FBS-RPMI 1640 before analysis.

Immunofluorescent staining and flow cytometric analysis

Intracellular

For cell-surface staining, PBL and rectal mucosa cells were stained with up to 5 Abs
(conjugated to FITC, PE, allophycocyanin, Pacific Blue, and PE-Cy7) for at least 15 min. After
staining, cells were fixed with 2% formaldehyde-PBS (Protocol Formalin; Fisher Diagnostics)
before analysis on a CyAn ADP flow cytometer (Dako). Lymphocytes were gated based on
forward and side scatters, and pulse width and at least 40,000 gated events were generally
analyzed using Summit data acquisition and analysis software (Dako). Absolute cell numbers
were calculated based on flow cytometry data and complete blood counts that were performed
on a hematology system (Advia 120; Siemens).

The following mouse mAbs were used: VVy9 (7A5), Vo2 (15D), Vo1l (TS8.2), Panys (5A6.E9)
(Pierce); CD3 (SP34-2), CD4 (L200), CD8 (RPA-T8), CD27 (M-T271), CD28 (CD28.2),
CD45RA (5H9), CD49d (9F10), CD95 (DX2), CCR5 (3A9), CXCR4 (12G5), IFN-y(4S.B3),
TNF-a (MAB11) (BD Pharmingen); CD4 (OKT4), CD27 (0323) (eBioscience), and CCR7
(150503) (R&D Systems). PE-conjugated goat F(ab’), anti-mouse 1gG (Fcy) (Beckman
Coulter) was used as a secondary Ab for indirect staining of V62. IgG isotype-matched controls
were also used. Staining panels were as follows: CD3/CD4/CD8/Vy2/V2; CD3/panyd/\Vol/
CD4/CCR5; CD3/CD4/CD28/CD95/CXCR4; CD3/CD8/Vy2/CD28/CD95; CD3/CD8/Vy2/
CD45RA/CCR7; CD3/CD4/Vy2/CD27/CD45RA; and CD3/CD8/Vy2/CCR5/CXCRA.

cytokine staining

For intracellular cytokine staining, 0.5 x 10% PBL plus costimulatory mAbs CD28 (1 xg/ml)
and CD49d (1 ug/ml) were incubated with HMBPP (40 ng/ml), SIV 4239 Gag peptide pool
(1 wg/ml), or media alone in 200 wl of final volume for 1 h at 37°C, 5% CO,, followed by an
additional 5 h of incubation in the presence of brefeldin A (GolgiPlug; BD Pharmingen).
Peptides were obtained from the National Institutes of Health AIDS Research and Reference
Reagent Program. After staining cell-surface markers (CD3, CD4, and VVy2 or CD8) for at least
15 min, cells were permeabilized for 45 min (Cytofix/Cytoperm; BD Biosciences) and stained
another 45 min for intracellular cytokines (TNF-a and IFN-y) before re-suspending in 2%
formaldehyde-PBS.

Quantitative measurement of SIV RNA in plasma

Plasma viral loads were determined by quantitative RT-PCR using SI\VVgag primers described
previously (41). Briefly, plasma virus was pelleted from 0.6 to 1.0 ml of EDTA anticoagulated
plasma and extracted with guanidium isothiocyanate as described (42). The purified RNA
aliquots were then reverse transcribed with the Avian RT First Strand Synthesis kit (Sigma-
Aldrich) and the SIVgagRTR primer (CAA TTT TAC CCA GGC ATT TAATGT T) along
with a 10-fold dilution series of SIVgag RNA standards containing 108 to 0.01 copies and three
reference viral controls. After inactivation of the reverse transcriptase at 95°C, PCR
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amplification was performed using the SYBR GreenER amplification kit (Sigma-Aldrich) in
a Bio-Rad iCycler using 40 cycles of 95°C for 15 s and 60°C for 1 min. The validity of the
signals was then verified by a final melt-curve analysis. The numbers of copies were calculated
relative to the standard SIVV RNA dilution curve and the final dilution factor of the prepared
plasma RNA.

ELISA for virus-specific Abs

Plasma samples previously frozen at —80°C were thawed, treated at 56°C for 30 min, and
analyzed for Gag and Env-specific IgGs by an ELISA. The Ags (SIVnac251 (BK28) Pr55 Gag
and HIV-1g, gp120) and positive control sera (SIV 5251 antiserum and HIV gp160
antiserum) (43-45) were obtained through the National Institutes of Health AIDS Research
and Reference Reagent Program. The ELISA reagents were purchased from KPL. Briefly,
high-binding capacity 96-well ELISA plates (Costar) were coated with 100 ul of Ag (1 ug/ml)
in coating buffer and incubated overnight at 4°C. The plates were washed four times in wash
buffer by using a semiautomatic microplate washer (Wellwash Mk2; Thermo Fisher Scientific)
and treated with blocking solution for 1 h at 37°C. After washing four times, the plates were
incubated with dilutions (1/50) of each plasma sample for 1 h at 37°C. The wash cycle was
repeated and a dilution (1/3000) of peroxidase-conjugated anti-monkey 1gG (Sigma-Aldrich)
was incubated for 1 h at 37°C. A colorimetric reaction was obtained by addition of the ABTS
one-component microwell peroxidase substrate for 8—10 min. ODg4g5 values were determined
with an ELISA plate reader (Bio-Rad model 550). All tested plasma and control sera were
replicated three times in independent ELISA tests. The cutoff OD value was defined as the
mean OD plus 3 SDs obtained from the negative plasma samples collected from monkeys
before infection and treatment.

Cytokine multiplex analysis

Plasma samples previously frozen at —80°C were thawed, diluted, and analyzed for the
following cytokines: IFN-y, TNF-q, IL-2, IL-4, and IL-10 using the Monkey Cytokine Five-
Plex kit (Invitrogen) as per the manufacturer’s instructions. The samples were analyzed by a
Bio-Plex Luminex 100 instrument (Bio-Rad). Cytokine concentrations were calculated relative
to the standard dilution curve using Bio-Plex Manager 5.0 software (Bio-Rad).

Statistical analysis

Results

Data are expressed as averages + SEM. Statistical analysis was done using Student’s t test, as
previously described (23).

Vy2Vd2 T cells underwent a prolonged massive expansion after HMBPP/IL-2 cotreatment
during early SHIV infection

We have recently demonstrated that HMBPP/IL-2 cotreatment can stimulate a prolonged
massive expansion of Vy2Vo2 T effector cells that produce antimicrobial cytokines (37) as
well as induce homeostatic protection against plague lesions (38). To address the initial
practical question as to whether Vy2Vé2 T cells can overcome HIV immune suppression and
undergo major expansion upon HMBPP/IL-2 cotreatment, macaques were sequentially
cotreated with HMBPP plus low-dose IL-2 beginning 3 days before SHIV infection (acute-
stage treatment) and again at day 17 postinfection (postacute-stage treatment) (n = 4). Control
animals received IL-2 alone (n = 3) or sham injections (n = 10) at the same time points before
and after SHIV infection. Similar to data obtained in uninfected monkeys that were given
HMBPP plus IL-2 (37), peripheral Vy2V¢2 T cells massively expanded after each HMBPP/
IL-2 cotreatment during acute and postacute phases of SHIV infection, with peak levels seen
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at 4-5 days after the beginning of each treatment whereby sham or IL-2 treatment alone did
not promote Vy2Vo2 T cell expansion (Fig. 1, a and b). Circulating Vy2Vo2 T cells expanded
t081.7 £ 2.7 and 65.8 + 6.5% of total CD3* T cells after cotreatment during acute and postacute
infection, respectively, and remained 3.9 * 0.9-fold above baseline in relative percentage of
CD3* T cells at 102 days postinfection and 4.6 + 0.8-fold above baseline in absolute number
at 70 days postinfection. Thus, Vy2Vd2 T cells underwent a prolonged massive expansion after
sequential HMBPP/IL-2 cotreatment during early SHIV infection.

HMBPP/IL-2 cotreatment during early SHIV infection increases circulating CD4* and CD8*
aff T cell levels and correlates with increased peak and set-point viral loads

The next question we sought to address was whether prolonged massive expansion of
Vy2Vo2 T cells after HMBPP/IL-2 treatment could impact early AIDS virus infection. This
unanswered question is interesting, as highly pure HMBPP only stimulates Vy2Vo2 T cells
without direct activation of CD4 T cells. We therefore examined if Vy2Vo2 T cell expansion
could affect peak and set-point viral loads and CD4 T cell levels in early SHIV infection.
Because we previously found that HMBPP/IL-2 cotreatment in healthy macaques indirectly
increased CD8" and CD4™" a8 T cell levels in the circulation (37) and the intestinal mucosa
(data not shown), we examined CD8* and CD4* T cell levels after sequential HMBPP/IL-2
cotreatment during acute and postacute stages of SHIV infection. Absolute numbers of
circulating CD8*Vy2~ o8 T cells transiently increased 1.7 + 0.1- and 3.8 + 0.6-fold 5-7 days
after the acute and postacute-stage cotreatments, respectively, which occurred earlier than with
IL-2 treatment alone (Fig. 1c). Also, absolute numbers of circulating CD4 T cells transiently
increased 3 + 0.9-fold 5-7 days after the acute-stage cotreatment (Fig. 1d). However, these
increases were not mirrored in the rectal mucosa, as no increases in CD4* (Fig. 1e) or
CD8*"Vy2~ (data not shown) af T cells were detected upon HMBPP/IL-2 cotreatment during
acute and postacute infection. In contrast, 2 of 4 and 3 of 3 animals that received HMBPP plus
IL-2 or IL-2 alone, respectively, during early infection had a profound sustained decrease in
rectal mucosal CD4 T cell levels beginning at day 26 postinfection, while only 4 of 10 sham-
treated animals had similar decreases in intestinal CD4 T cell levels (Fig. 1e). Furthermore,
animals that received HMBPP plus IL-2 or IL-2 alone during acute infection had peak plasma
virus levels that were on average 5.4- or 22.7-fold higher, respectively, than sham-treated
controls (Fig. 1f). Additionally, upon reaching viral set point, plasma virus levels remained
significantly higher in those animals that received HMBPP plus IL-2 (p = 0.0126 at day 12,
p = 0.0309 at day 22, p = 0.0522 at day 34, p = 0.048 at day 54, p = 0.0081 at day 102, and p
= 0.0556 at day 123) or IL-2 alone (p = 0.0409 at day 12, p = 0.2283 at day 22, 0.1321 at day
34, p <0.0001 at day 54, p < 0.0001 at day 102, and p = 0.0248 at day 123) during the acute
and postacute stages of infection compared with those animals that received sham treatments
(Fig. 1f). Therefore, while HMBPP/IL-2 cotreatments during the early stages of SHIV infection
led to massive prolonged Vy2Vo2 T cell expansion and transient increases in circulating
CD8" and CD4" o T cells, these increases appear to be ineffective in stemming the
enhancement of SHIV infection seen with IL-2 treatment alone.

HMBPP/IL-2 cotreatment during chronic SHIV infection led to expansion of circulating
Vy2Vd2, CD4, and CD8 a3 T cells

Since one of our goals was to determine the potential utility of HMBPP/IL-2 regimen for
treatment of AlDS-associated neoplasms and infections with HMBPP-producing microbes, we
sought to investigate whether HMBPP/IL-2 cotreatment given during chronic SHIV infection
would still expand Vy2V§2 T effector cells but lead to a different immune consequence from
what was seen in the acute SHIV infection. This question appeared to be critical and highly
relevant, given that we previously demonstrated that chronic high SIV viremia led to
dysfunctional Vy2Vo2 T cell responses during later stages of infection (32), and that antiviral
immune responses that emerge after viral set point might antagonize activation-enhanced viral
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pathogenicity. Thus, we cotreated chronically SHIV-infected macaques previously naive to
treatment (n = 3) or those that had previously received treatment during early infection (n = 4)
with HMBPP plus low-dose IL-2 at 118 or 102 days postinfection, respectively. Animals that
received IL-2 alone during early infection again received IL-2 alone at 102 days postinfection
(n = 3). Another group previously naive to treatment received IL-2 alone at 118 days
postinfection (n = 3) or were given sham injections (n = 4) during chronic SHIV infection. In
the two groups of cotreated animals, we found that circulating Vy2Vo2 T cells markedly
expanded to 70.3 + 4.0 and 41.9 + 12.2% of total CD3+ T cells (Figs. 2a and 1a, respectively)
5-7 days after HMBPP treatment. In previously untreated animals, Vy2Vo2 T cells remained
4 £ 0.5- and 4.2 + 0.1-fold above pretreatment baseline in relative percentage and absolute
number, respectively, 20 days postchronic-stage cotreatment (Fig. 2, aand b). In the previously
treated group, Vy2Vo2 T cell levels remained 2.4 + 0.3- and 2.6 + 0.2-fold above pretreatment
baseline in relative percentage and absolute number, respectively, 21 days postchronic-stage
cotreatment (Fig. 1b). Furthermore, we were able to detect an increased percentage of
Vy2V§2 T cells in the rectal mucosa of one cotreated animal in each group from 1.7 + 0.4%
of CD3* T cells pretreatment to 5.4 + 0.6% 1-3 wk posttreatment, while Vy2Vé2 T cells in
IL-2 alone or sham-treated animals were not markedly increased in the rectal mucosa at these
time points (data not shown). Thus, the expansion capacity of Vy2Vo2 T cells after HMBPP/
IL-2 treatment appeared preserved in all animals that received HMBPP/IL-2 cotreatment
during the chronic stage of SHIV infection, although the duration of the expansion was
considerably shorter than that seen during the early stage infection (Fig. 1, a and b) or that seen
in healthy animals (37).

Additionally, in previously untreated animals, absolute numbers of circulating CD8*Vy2~ and
CD4" af T cells transiently increased 3.1 + 1.0- and 2.9 + 0.8-fold, respectively, 5-9 days after
chronic-stage HMBPP/IL-2 cotreatment (Fig. 2, ¢ and d). In the group that had previously
received HMBPP/IL-2 cotreatment during early infection, absolute numbers of circulating
CD8*Vy2~ and CD4* af T cells transiently increased 1.8 + 0.2- and 12.6 + 4.7-fold,
respectively, 7 days after the chronic-stage cotreatment (Fig. 1, ¢ and d). In the rectal mucosa,
neither CD8*Vy2~ (Fig. 2e) or CD4* (Figs. 1e and 2f) af T cells increased upon HMBPP/IL-2
cotreatment during chronic infection. Thus, CD4 T cell levels in the intestinal mucosa remained
stable and viral pathogenicity was not enhanced (Fig. 3) in the presence of massive Vy2Vo2 T
cell expansion upon chronic-stage cotreatment.

HMBPP/IL-2 cotreatment only during chronic infection does not affect viral load or survival

We then sought to determine how the massive Vy2V62 T cell expansions during chronic
infection affected viral dynamics based on levels detected in the plasma. In all animals that
only received cotreatment during chronic infection, plasma viral levels did not increase and
even slightly decreased on days 2—6 after peak Vy2V§2 T cell expansion (Fig. 3a). In contrast,
in those animals that had previously received treatments during early infection, further
treatment with IL-2 or HMBPP plus IL-2 during chronic infection transiently increased plasma
virus levels 4.5 + 1.2- and 7.4 + 5.9-fold, respectively (Fig. 1f).

Additionally, we followed the animals up to 42 wk postinfection to document whether the
various treatments during chronic and early infection had any impact on disease progression.
All of the animals that were treated only during chronic infection at week 17 postinfection with
HMBPP plus IL-2 (n = 3), IL-2 alone (n = 3), or sham injections (n = 4) were alive at week 37
with plasma viral loads of 1.1 + 0.9 x 10°, 2.0 + 1.4 x 10°, and 1.5 + 1.2 x 10° SIV RNA
molecules/ml, respectively (Fig. 3b). In contrast, three of the three animals sequentially treated
with only IL-2 beginning at acute infection had to be euthanized at weeks 18, 25, and 36 due
to AIDS with plasma viral loads of 8.9 x 10°, 3.9 x 10°, and 1.8 x 108 SIV RNA molecules/
ml, respectively (Fig. 3b). Also, two of the four animals that were sequentially cotreated with
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HMBPP plus IL-2 beginning at acute infection had to be euthanized at weeks 19 and 29 due
to AIDS with plasma viral loads of 1.2 x 108 and 9.7 x 10% SIV RNA molecules/ml, respectively
(Fig. 3b). The other two animals in this group were alive at week 42 with a viral load of 4.7 +
1.1 x 102 SIV RNA molecules/ml (Fig. 3b). Thus, inducing massive Vy2Vo2 T cell expansion
via HMBPP/IL-2 cotreatment during chronic infection does not appear to exacerbate the
disease.

The Vy2V&2 and a T cells that expanded during chronic SHIV infection upon HMBPP/IL-2
cotreatment displayed proinflammatory memory phenotypes

The absence of Vy2Vo2 T cell-based enhancement of SHIV disease after HMBPP/IL-2
treatment of chronically infected macaques prompted us to investigate a series of potential
immunological benefits. Since Vy2Vo2 T cells were able to massively expand in all animals
cotreated with HMBPP plus IL-2 during chronic SHIV infection, we sought to examine the
effector potential of these activated cells by longitudinally comparing circulating Vy2Vo2 T
cell phenotypes in animals before infection and after treatment during chronic-stage infection
based on their expression of the (1) surrogate memory markers CD45RA and CD95, (2)
costimulatory molecules CD27 and CD28, and (3) chemokine homing receptors CCR5, CCR?7,
and CXCRA4. Collectively, we found that Vy2Vo2 T cells that expanded upon HMBPP/IL-2
cotreatment during chronic infection display predominantly a proinflammatory memory
phenotype characterized as follows: CCR5* CXCR4 CCR7 CD45RA CD95*CD27*CD28*
(Fig. 4a— d), with a large proportion of these cells having the CD45RA™CD27" effector
memory phenotype (Fig. 4c). Thus, the Vy2Vo2 T cells that expanded during chronic SHIV
infection are phenotypically indistinguishable from those that expanded in healthy animals
treated with HMBPP plus IL-2 and may retain their effector function(s) (37).

Also, the CD8"Vy2™ T cells that increased during chronic infection upon HMBPP/IL-2
cotreatment were predominantly of the CD28"CD95* effector memory phenotype (Fig. 4€).
This subset also increased in the group that received IL-2 alone (Fig. 4€). Furthermore, as
reported by others, we also found that SHIVV89.6P predominantly depletes CXCR4™ naive
CD4™* T cells irrespective of treatment (Fig. 4f). Of interest, however, was the fact that during
chronic SHIV infection, absolute numbers of CCR5*CD4* T cells increased in HMBPP/IL-2
cotreated animals (Fig. 4f) as well as CD4" T cells that were CD45RA™CD27* (Fig. 4g) and
CD28*CD95* (Fig. 4h). Conversely, in the three groups treated with IL-2, markedly lower
numbers of naive CD45RA*CD27*CD4* T cells were found when compared with sham-
treated animals (Fig. 4g). Thus, HMBPP/IL-2 cotreatment during chronic SHIV infection
appears to specifically increase effector memory CD8" o T cells and central and effector
memory CD4* T cells.

HMBPP/IL-2 cotreatment during chronic infection coincided with increased TNF-a and IFN-
y in the circulation and the corresponding increase in the cytokine production function of
Vy2Vve2 T cells

Next, to investigate whether circulating Vy2Vo2 T cells in SHIV-infected macaques retain
their ability to recognize HMBPP and exert their antimicrobial effector function, we
longitudinally examined the ability of Vy2 T cells to produce TNF-a and IFN-y upon ex vivo
HMBPP restimulation before and after infection/treatment. We found that HMBPP/IL-2
treatment during chronic SHIV infection resulted in expansion of Vy2 T cells capable of
producing TNF-a (Fig. 5, a and b) and IFN-y (data not shown) upon ex vivo HMBPP
restimulation in only one out of six animals tested. However, in all tested animals that received
HMBPP/IL-2 cotreatment during acute and postacute infection, substantial increases in Vy2 T
cells capable of producing TNF-a(Fig. 5b) and IFN-y (data not shown) were detected upon ex
vivo HMBPP restimulation compared with animals treated with only IL-2.
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Since effector Vy2Vo2 T cells that expanded upon HMBPP/IL-2 cotreatment during chronic
lentivirus infection may quickly respond in vivo to various infections or malignancies that arise
during these later stages and may become refractory to further stimulation with HMBPP ex
vivo, we examined whether the Vy2Vo2 T cells that expanded during chronic SHIV infection
released their cytokines in vivo. Upon measuring plasma cytokine levels before and after
Vy2V2 T cell activation, we found that in five out of six animals that received HMBPP/IL-2
cotreatment during chronic infection significant increases in IFN-y and/or TNF-a were detected
during peak Vy2Vo2 T cell expansion (Fig. 5, c and d; p < 0.05). Additionally, we were able
to detect increases in effector Vy2 T cells producing IFN-y (Fig. 6a—c, left) and TNF-a (data
not shown) after both chronic and acute-stage HMBPP/IL-2 cotreatment without ex vivo Ag
restimulation. These data suggest that the Vy2V62 T cells that massively expand upon HMBPP/
IL-2 cotreatment during chronic infection are capable of producing antimicrobial cytokines.

Vy2V82 T cell activation/expansion by HMBPP/IL-2 cotreatment during chronic infection
coincided with short-term increases in virus-specific CD8* T cells and transiently increased
effector function of CD4* and CD8* af T cells

Next, we sought to determine whether HMBPP/IL-2 cotreatment could boost o5 T cell effector
responses. We were able to detect transient increases in effector function of CD8* and CD4*
ap T cells producing IFN-y (Fig. 6a—c, middle and right) and TNF-« (data not shown) after
both chronic and acute-stage HMBPP/IL-2 cotreatment without ex vivo Ag restimulation.
Furthermore, upon ex vivo restimulation with Gag peptides, we were able to detect transient
increases in TNF-a-producing effector CD8* T cells after chronic-stage cotreatment in animals
previously naive to treatment (Fig. 6d), but not in those animals that received HMBPP/IL-2
cotreatment during acute-stage infection (Fig. 6, e and f). The difference between chronic and
acute treatment settings might be attributed to the enhanced viral pathogenicity that occurred
upon HMBPP/IL-2 cotreatment during acute SHIV infection but not during the chronic stage.
Thus HMBPP/IL-2 cotreatment during chronic infection may transiently boost virus-specific
CD8™ T cells as well as CD4* and CD8* a8 T cell effector function.

HMBPP/IL-2 cotreatment during chronic SHIV infection corresponds to sustained increases
in virus-specific Abs

yo TCR triggering has been shown to result in prominent expression of essential B cell
costimulatory molecules, and these cells have been shown to provide potent B cell help during
invitro Ab production (21). To examine whether the massive Vy2V62 T cell expansions elicited
by HMBPP/IL-2 cotreatment altered B cell function in vivo, we analyzed the anti-SHIV 1gG
Ab dynamics in the plasma of the treated and untreated groups throughout the course of the
study. HMBPP/IL-2 cotreatment during chronic infection boosted anti-Env Ab levels from 0.9
+0.1t0 1.5+ 0.1 in five of the six animals tested, whereas all sham-treated animals only showed
a slight increase from 0.8 £ 0.0 to 1.0 = 0.2 during this same period (Fig. 7,aand band ; p <
0.05). Similar increases were also seen with Gag-specific Ab levels after chronic-stage
cotreatment (data not shown). Importantly, the elevated antiviral Ab levels in HMBPP/IL-2
cotreated animals were sustained throughout the rest of the study (>170 days posttreatment),
although the viral antigenic load was not detectably increased. In contrast, only one of the six
animals that received IL-2 alone during chronic infection showed an increase in virus-specific
Ab levels after treatment (Fig. 7, a and b). In four out of five of the animals that had increased
virus-specific Ab levels after cotreatment, these increases were preceded by detectably elevated
IL-4 (Fig. 7c) and/or IL-10 (Fig. 7d) levels in the circulation at the time point coinciding with
peak Vy2V§2 T cell expansion. On the other hand, five of the six animals that received IL-2
treatment, with or without HMBPP cotreatment, during acute infection barely seroconverted
to viral gp120 (Fig. 7b) or gag (data not shown). Therefore, HMBPP/IL-2 cotreatment during
chronic SHIV infection significantly boosts virus-specific Ab levels compared with IL-2 only
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or sham treatment and coincides with increased Th2 cytokine levels in the circulation during
peak Vy2V32 T cell expansion.

The immunological benefits induced by the HMBPP/IL-2 cotreatment regimen during chronic
infection appear to be at least two-fold: (1) the regimen increases antiviral humoral and cellular
immune responses, although such responses do not appear to further control SHIV infection;
and (2) it enhances the polyfunctional capability of Vy2V62 and CD4* and CD8* a8 T cells
to produce antimicrobial cytokines, which may provide potential therapeutic benefit against
AlDS-associated neoplasms or coinfections with HMBPP-producing microbes.

Discussion

The therapeutic potential of massively proliferated VVy2V62 T cells during AIDS virus infection
has not been previously characterized in vivo, even though these cells likely contribute an
important mechanism of immunosurveillance against virus-infected cells as well as the
bacterial and protozoal infections and neoplasms that contribute to and define AIDS. Moreover,
the critical role of such defense mechanisms is highlighted by the recent report of increased
gut permeability allowing for bacterial translocation during chronic HIV infection (46). Hence,
delineating strategies to enhance the number and function of Vy2Vé2 T cells in the context of
chronic lentivirus infection appears most timely. To address this mechanism, we utilized the
pathogenic SHIV model of AIDS in Chinese rhesus macaques and investigated whether
Vy2V62 T cells could (1) be activated to proliferate and become effector cells during early and
chronic phases of infection with HMBPP plus IL-2 cotreatment, (2) affect virus-specific o T
cell and B cell responses, (3) affect viral replication, and (4) affect survival.

We had previously published that SIVmac infection profoundly compromised Vy2Vo2 T cell
responses after coinfection with HMBPP-producing mycobacteria (32). Here we show that
Vy2V§2 T cells can massively proliferate during all phases of SHIV infection upon HMBPP/
IL-2 cotreatment. Since others have shown that IL-2 production by CD4* T cells is impaired
during AIDS virus infections (47), the lack of Vy2V2 T cell responses after bacillus Calmette-
Guérin coinfection of SIV* animals may likely be a bystander effect of inadequate 1L-2
production, which we show here could be overcome with exogenous IL-2 treatment. Others
have also explored the use of cytokines as immunotherapy in AIDS virus infection. Low-dose
daily IL-2 treatment plus ART of early HIV-infected patients increased CD4 T cells and
decreased plasma viremia more than just ART alone (48), although the long-term benefit to
these patients remains a subject of debate. Macaques infected chronically with SIV showed
increases in CD4 T cells and no increase in plasma viremia upon treatment with 1L-2 (49), IL-7
(50), and IL-15 (51) in the setting of ART. However, I1L-15 treatment alone during acute SIV
infection led to increased viremia and exacerbation of disease (52), and an attenuated SIVV
expressing IL-2 in place of nef induced rapid disease progression in vivo (53). Thus, cytokine
therapy alone in the context of lentivirus infection appears to have limited if any therapeutic
benefit without concurrent control of viral replication with ART and/or active immunization
protocols. In contrast, we show herein that Vy2Vé2 T cells can massively proliferate upon
stimulation with their Ag, HMBPP, in the presence of IL-2 even in the context of extremely
low CD4 T cell levels and high viremia.

Our in vivo studies provide the first demonstration that immune intervention predominantly
activating T cell populations other than CD4 T cells during acute or chronic-stage infection
can lead to different consequences of AIDS virus infection. HMBPP/IL-2 treatment during
acute SHIV infection increases the viral infection and enhances SIV disease, whereas such
treatment given during chronic-stage infection appears to enhance some potentially beneficial
immunologic responses without exacerbating SHIV infection/disease. The HMBPP/IL-2-
enhanced SHIV infection/disease upon treatment during acute stage may occur due to the
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following: (1) activation/expansion of CD4 T cells indirectly by activated Vy2Vo2 T cells and/
or IL-2 leads to more productive SHIV infection; (2) anti-SHIV immune responses that
maintain viral set points have not been established and therefore cannot contain the enhanced
SHIV infection. It is noteworthy that the presence of large numbers of activated
proinflammatory Vy2V62 T cells during early infection had relatively little effect on viral
dynamics and the establishment of antiviral control dictating disease progression. Thus,
viremiaand virus-specific Ab levels did not differ from animals given IL-2 only nor did survival
differ postinfection in animals treated during acute SHIV infection.

The next issue to be discussed is whether HMBPP/IL-2 treatment given only during the chronic
stage of infection may hold therapeutic potential. The data presented herein clearly suggest
that this treatment in the context of viremic SHIV infection was not deleterious based on the
findings that (1) viral loads were not increased, (2) CD4* T cells did not decrease either in the
periphery or in the gastrointestinal mucosa, and (3) disease progression did not appear
promoted, although this parameter remains to be fully addressed. On the other hand, HMBPP/
IL-2 treatment during chronic SHIV infection markedly expanded proinflammatory Vy2 and
af T cells displaying memory phenotypes and transiently enhanced effector function of
antimicrobial cytokine production by Vy2Vé2 T cells as well as CD4* and CD8* af T cells.
Interestingly, despite the absence of HMBPP/IL-2-mediated enhancement of SHIV infection,
Vy2 Vy2 T cell expansion after the cotreatment led to enhanced long-term virus-specific Ab
levels in the circulation. Although the direct role of Vy2Vo2 T cells in promoting these antiviral
immune responses was not shown, at the very least, they are likely a downstream consequence
of HMBPP-mediated Vy2Vé2 T cell expansion, as control animals treated with IL-2 alone or
sham did not have similar increases. Additionally, we addressed the long-held notion that
Vy2Vo2 T cells are functionally impaired during chronic lentivirus infections by showing that
these cells can massively proliferate in vivo upon stimulation with Ag plus IL-2 and that
although these cells do not respond to further ex vivo restimulation by secreting Th1 cytokines,
elevated levels of these as well as Th2 cytokines can be transiently detected in the circulation
during peak expansion of these cells during chronic infection. Thus, Th1l and Th2 cytokines
may be released in vivo by activated Vy2V2 T cells upon HMBPP/IL-2 cotreatment during
chronic SHIV infection in response to infections/malignancies that emerge at this late stage of
infection and may explain why the duration of Vy2V§2 T cell expansion was considerably
shorter during chronic infection compared with early infection or that seen in healthy animals
where infections/malignancies that activate these cells are likely not present. Thus, the major
strength of this strategy may lie in the control of AIDS-associated opportunistic bacterial/
protozoan infections or malignancies, particularly in those individuals with low CD4 T cell
counts whereby increased Vy2Vd2 T cells may compensate for the CD4 T cell deficiency in
fighting such opportunistic infections or malignancies that arise during late stages of HIV
infection and could potentially be used to wean patients off the need of continued HAART.
Additionally, HMBPP/IL-2 cotreatment may still have immunotherapeutic potential during
early infection if viral replication is concomitantly controlled (e.g., with antiretroviral therapy).
Furthermore, activated Vy2Vo2 T cells may serve as an effective vaccine adjuvant promoting
T cell and Ab responses. Our data provide a platform from which future studies aimed at
manipulating Vy2Vé2 T cells and other mechanisms in the frame of a multipronged immuno-
therapy and antiretroviral therapy can be devised in efforts to boost the host’s own antiviral
defenses.
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FIGURE 1.

HMBPP/IL-2 cotreatment initiated during early SHIV infection induces expansion of
circulating Vy2V¢2 and af T cells but enhances viral infection. The relative percentage of
CD3* T cells that express Vy2Vé2 in the circulation (a) or CD4 in the rectal mucosa (e) and
absolute numbers of circulating T cells per microliter of blood that express Vy2Vé2 (b),
CD8*Vy2~ (c), or CD4* (d) are shown over time for groups treated with HMBPP plus IL-2,
IL-2 alone, or sham as averages + SEM. Arrows indicate the time when treatment was given.
Animals with severe prolonged CD4 T cell depletion (<3% of total CD3" cells) in the rectal
mucosa were stratified from the rest of their groups (e). Average SIVgag RNA copies per
milliliter of plasma are shown over time for groups treated with HMBPP plus IL-2, IL-2 alone,
or sham during both early and chronic infection (f). By Student’s t test, viral copy numbers are
statistically higher (p < 0.05) at the following time points for HMBPP plus IL-2- (days 12, 22,
54, and 102) and IL-2 only- (days 12, 54, 102, and 123) treated groups compared with the
sham-treated group (f). The viral levels substantially dropped at the last two data time points
for the cotreated group since the two animals in this group with high viral loads did not survive
at these time points.
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FIGURE 2.

HMBPP/IL-2 cotreatment during chronic SHIV infection induces expansion of circulating
Vy2V62, CD4, and CD8 o T cells. The relative percentage of CD3* T cells that are Vy2V62
in the circulation (a) or Vy2-CD8* (e) or CD4* (f) in the rectal mucosa and absolute numbers
of circulating Vy2Vé§2 (b), Vy2-CD8* (c), and CD4™ (d) T cells per microliter of blood are
shown over time for groups treated with HMBPP plus IL-2, IL-2 alone, or sham as averages
+ SEM. Arrows indicate the time when treatment was given. These animals were naive to any
previous treatments. One control animal that was sham treated throughout the course of
infection had a considerable long-lasting increase in Vy2 T cells beginning 121 days
postinfection and is shown as an outlier (a and b). Another sham-treated animal did not have
a decrease in CD4* PBL upon infection and is shown as an outlier (d).
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FIGURE 3.

HMBPP/IL-2 cotreatment only during chronic infection does not affect viral load or survival.
Average SIVgag RNA copies per milliliter of plasma are shown over time for groups treated
with HMBPP plus IL-2, IL-2 alone, or sham only during chronic infection (a). Arrow indicates
the time when treatment was given. Percentages of surviving animals over time are shown for
groups treated with HMBPP plus IL-2, IL-2 alone, or sham only during chronic infection at
day 118 postinfection or during both acute and chronic infection at days —3, 17, and 102
postinfection (indicated with asterisks) (b).
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FIGURE 4.

HMBPP/IL-2 cotreatment during chronic SHIV infection leads to increases in Vy2 and a8 T
cells with proinflammatory memory phenotypes. Absolute numbers of circulating Vy2* T cells
expressing CCR5 and/or CXCR4 (a), CD45RA and/or CCR7 (b), CD45RA and/or CD27 (c),
or CD28 and/or CD95 (d) and VVy2-CD8* T cells expressing CD28 and/or CD95 (e) and
CD4* T cells expressing CCR5 and/or CXCR4 (f), CD45RA and/or CD27 (g), or CD28 and/
or CD95 (h) are shown per microliter of blood before infection (Pre) and during peak T cell
expansion upon HMBPP/IL-2 cotreatment during chronic infection as averages = SEM. Groups
treated with IL-2 alone or sham are also shown at the same time points. Asterisks indicate
groups that were also previously treated during early infection.
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HMBPP/IL-2 cotreatment increases phosphoantigen-specific Vy2 T cells during acute SHIV
infection and circulating TNF- « and IFN- y during chronic infection. Percentages of CD3*
cells that are Vy2*TNF-a* after ex vivo HMBPP restimulation are shown over time (a and
b). Arrows indicate the time when treatment was given. Plasma IFN- y and TNF-a
concentrations are shown upon treatment during chronic infection (c and d). Data for individual
animals treated with HMBPP plus IL-2, IL-2 alone, or sham only during chronic infection (a
and c) or during both acute and chronic infection (b and d) are shown. Horizontal lines indicate
detection limits (c and d). The increases in IFN- y(p = 0.015) and TNF- a (p = 0.0024) after
HMBPP plus IL-2 treatment are statistically different from pretreatment (c and d).
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HMBPP/IL-2 cotreatment increases antimicrobial cytokine-producing Vy2 and af T cells.
Absolute numbers of CD3* IFN-y* T cells that are Vy2*, CD8", or CD4* upon ex vivo culture
in media alone are shown per microliter of blood over time (a—c). Absolute numbers of
CD3*CD8*TNF-a™ T cells after ex vivo restimulation with Gag peptide pool are shown per
microliter of blood upon subtracting values obtained from stimulation with media only (d-f).
Data are shown as averages + SEM for groups treated with HMBPP plus IL-2, IL-2 only, or

sham.
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FIGURE 7.

Virus-specific Abs and Th2 cytokines increase after massive Vy2Vd2 T cell expansion during
chronic infection. Env-specific 1gG levels in 1/50 diluted plasma were analyzed by ELISA and
read at ODy4q5 nm are shown over time as averages for each group (a and b) except for HMBPP
plus IL-2 treated animals in (b) where individual animals are shown. Arrows and vertical lines
indicate the time when treatment was given, while horizontal lines indicate cutoff OD value
(<0.23) (a and b). Data shown are averages of three independent ELISA assays. Compared
with pretreatment baseline levels, Ab titers increased more after cotreatment than they did after
sham treatment (p < 0.05). Also, at days 166—258 postinfection, Ab levels remained
significantly higher in the cotreated group compared with sham-treated group (p < 0.05, by
Student’s t test). Plasma IL-4 and IL-10 concentrations are shown upon treatment during
chronic infection (c and d). Groups treated with HMBPP plus IL-2, IL-2 alone, or sham only
during chronic infection (a and c) or during both acute and chronic infection (b and d) are
shown. The increases in IL-4 (p = 0.049) and IL-10 (p = 0.0109) at day 3 post-HMBPP plus
IL-2 treatment are statistically different from pretreatment (c and d).
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