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Introduction

Summary

Natural killer (NK) cells are essential components of the immune system,
and due to their rapid response potential, can have a great impact during
early anti-viral immune responses. We have previously shown that inter-
leukin-2-dependent NK and CD4" T-cell co-operative immune responses
exist in long-term simian immunodeficiency virus (SIV) -infected
controlling macaques and can be rescued in SIV-infected non-controlling
macaques by a short course of antiretroviral therapy (ART). Given that
co-operative responses may play an important role in disease prevention
and therapeutic treatment, in the present study we sought to determine if
these responses can be enhanced in chronically SIV-infected macaques by
vaccination with a single-dose of envelope protein given during ART. To
this end, we treated 14 chronically SIV-infected macaques with ART for
11 weeks and gave 10 of these macaques a single intramuscular dose of
SIV gp120 at week 9 of treatment. ART significantly decreased plasma
and mucosal viral loads, increased the numbers of circulating CD4" T
cells in all macaques, and increased T-cell-dependent envelope- and gag-
specific interferon-y and tumour necrosis factor-a production by circula-
tory CD56" NK cells. The therapeutic envelope immunization resulted in
higher envelope-specific responses compared with those in macaques that
received ART only. Functional T-cell responses restored by ART and ther-
apeutic Env immunization were correlated with transiently reduced
plasma viraemia levels following ART release. Collectively our results indi-
cate that SIV-specific T-cell-dependent NK cell responses can be efficiently
rescued by ART in chronically SIV-infected macaques and that therapeu-
tic immunization may be beneficial in previously vaccinated individuals.

Keywords: antiretroviral therapy; envelope immunization; natural killer
cells; T cells

subdivided into three distinct subsets based on their
expression patterns for CD16 and CD56: CD16" CD56%™

Natural killer (NK) cells are specialized innate lymphoid
cells that bridge innate and adaptive immunity." Given
their widespread circulatory and tissue distributions, NK
cells play both immunoregulatory (production of inflam-
matory and regulatory cytokines) and cytotoxic (elimina-
tion of pathogenic and neoplastic cells) roles.* Circulatory
NK cells in rhesus macaques are phenotypically character-
ized as CD3~ CD8u' CD159a*, and can be further

(CD16" NK cells), CD16~ CD56" (CD56" NK cells) and
CD16  CD56 [double-negative (DN) NK cells].>* The
proportional distribution of these NK cell subsets greatly
varies depending on the tissues being studied. A fourth
subset (CD16" CD56%) exists in tissue-resident NK
cells.>®

Recent studies have identified several potentially pro-
tective functions of NK cells in response to HIV/simian
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immunodeficiency virus (SIV) exposures. For example,
certain killer cell IgG-like receptor phenotypes have been
associated both with reduced risk of HIV infection and
slower disease progression in individuals who become
infected and have been shown to influence viral loads,
independently of MHC background, in SIV-infected rhe-
sus macaques.”® Furthermore, NK depletion during acute
SIV infection has been associated with increased viral
loads in the chronic phase.” NK cells can also mediate
effector functions in collaboration with SIV-specific
humoral immune responses through mechanisms such as
antibody-dependent cell-mediated cytotoxicity and anti-
body-dependent cell-mediated virus inhibition, which
have been previously correlated with protection against
SIV and SHIV infection.'® "

Recently, murine NK cells have been shown to possess
memory-like function, which can be induced through
viral infection,'® cytokine activation'” or hapten sensitiza-
tion."® Despite this, the identification of memory-like
functions in humans and non-human primate models has
proved difficult. Nevertheless, studies using non-human
primate and human peripheral blood mononuclear cells
(PBMCs) have shown that an antigen-specific collabora-
tive response involving memory-experienced CD4" T cells
and circulatory, as well as, tissue-resident NK cells exists
in response to viral exposures as disparate as rabies,"
influenza®® and SIV® as well as protozoan® pathogens.
Further, a recent study showed that a therapeutic HIV-1
gp120/Nef/Tat subunit protein vaccination of chronically
infected individuals aided recovery of HIV-specific inter-
leukin-2 (IL-2) production by CD4" T cells and subse-
quently improved HIV-specific interferon-y (IFN-y)
production by NK cells.”* With regard to SIV infection,
we previously reported that SIV-specific T-cell-dependent
NK cell effector responses were present in a group of
SIV-infected (SIV+) controller rhesus macaques able to
maintain low levels of chronic viraemia, but were absent
in SIV+ non-controlling macaques. In SIV+ controlling
animals, IL-2-dependent co-operative responses were
exhibited by all NK cell subsets in the circulation and in
various tissues as measured by cytokine production
[IFN-y and tumour necrosis factor-o (TNF-a)] as well as
by expression of the de-granulation surrogate marker
CDI107a.° Furthermore, a short course of antiretroviral
therapy (ART) was able to partially rescue SIV-specific T-
cell-dependent NK cell effector responses in SIV+ non-
controlling macaques.

To pursue these observations, in the present study we
evaluated whether T-cell-dependent NK cell effector
responses in SIV+ non-controlling macaques could be
enhanced through a combined approach of ART plus a
single intramuscular SIV .5 gpl20 immunization and
lead to control of viraemia rebound upon ART cessa-
tion. We observed that although ART significantly
decreased plasma and rectal tissue viral loads, it only

Modulating T-cell dependent NK responses

improved  SIV-specific =~ T-cell-dependent NK  cell
responses transiently. The addition of a single Env
immunization had a modest effect, most evident in
macaques that had previously been vaccinated with SIV
Env. The combination of ART and Env immunization
impacted not only T-cell function and associated NK
responses, but also plasma viral loads following ART
release. Our results suggest that although therapeutic
modulation of SIV-specific T-cell-dependent NK cell
responses is possible, longer or more effective ART regi-
mens will be required to fully overcome the chronic
effects of SIV infection. The combined approach of ART
plus therapeutic immunization may be most effective in
previously vaccinated individuals that subsequently
become infected.

Materials and methods

Animals, immunization regimens and sample collection

Therapeutic modulation of CD4'-dependent NK cell
responses was studied in 14 chronically SIV+ outbred
Indian rhesus macaques housed at Advanced BioScience
Laboratories, Inc. (ABL, Rockville, MD) and maintained
according to Institutional Animal Care and Use Com-
mittee guidelines and the NIH Guide for the Care and
Use of Laboratory Animals. The chronically infected
macaques were recycled from two previous vaccine stud-
ies.”>** Ten had been infected for 27-32 weeks and four
had been infected for 60-65 weeks before the start of
the study. They were treated with an ART cocktail of
three reverse transcriptase inhibitors [intravenous did-
anosine, oral stavudine, and subcutaneous 9-(2-phospho-
nylmethoxypropyl) adenine] as previously described in a
concurrent study that evaluated B-cell dynamics.*’
Group A macaques (ART alone controls) also served as
controls for another concurrent study that evaluated the
immune targeting of programmed cell death-1.°° Ani-
mals were divided into three treatment groups (Fig. la)
based on their previous immunization status (either
unvaccinated or vaccinated) and balanced to achieve
similar plasma viral load levels and CD4" T-cell counts
before treatment initiation. Unvaccinated macaques used
in Groups A and B (n =9) had previously been used as
controls and were either naive or had received empty
adenoviral vector followed by monophosphoryl lipid
A-stable emulsion (MPL-SE) adjuvant only or alum
adjuvant alone as indicated (Fig. 1b,c). Vaccinated maca-
ques in Group C had all previously been immunized
only with 200 pg of SIV gpl20 protein in alum. Group
A contained two Mamu A*01 positive macaques; Group
B contained one A*01 and one B*17 positive macaques
and Group C contained an A*01/B*17 positive macaque
as noted (Fig. 1b—d). ART therapy was given for
11 weeks and at week 9 animals in Groups B and C
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Figure 1. Study design and plasma and tissue viral loads for individual animals throughout the study. (a) Schematic design of the study. (b—d)
Plasma and rectal tissue viral loads were obtained at the indicated time-points by nucleic acid sequence-based amplification (NASBA). Dotted
lines indicate the lower limit of viraemia detection (50 copies) by NASBA. Viral loads in Group A [antiretroviral therapy (ART) only controls]

were previously reported.26 #, Mamu A*01 positive; %, Mamu B*17 positive; N, naive; A, received alum only; Ad, received empty Ad vector and

MPL-SE adjuvant only.

received 100 pg of SIVi.cs1 gpl20 adjuvanted with
50 pg of MPL-SE intramuscularly.

Blood samples were collected by venepuncture of an-
aesthetized animals into EDTA-treated collection tubes.
PBMCs were obtained by centrifugation on Ficoll-Paque
PLUS gradients (GE Healthcare, Piscataway, NJ). Cells
were washed and resuspended in R-10 medium (RPMI-
1640 containing 10% fetal bovine serum, 2 mm L-gluta-
mine, 1% non-essential amino acids, 1% sodium pyruvate
and antibiotics). Rectal biopsies were digested for 60 min
on an orbital shaker in R-10 medium containing 1 mg/ml
of collagenase II (Sigma; St Louis, MO).Viral loads in
plasma and rectal tissue biopsies were determined by
nucleic acid sequence-based amplification assay as previ-
ously described.”’

Flow cytometry and absolute cell counts

In the present study we used anti-human fluoro-
chrome-conjugated monoclonal antibodies known to
cross-react with rhesus macaque antigens. These
included: V450 anti-IEN-y (B27), phycoerythrin (PE) -
Cy5 anti-CD95 (DX2), PE-Cy7 anti-CD56 (B159), Alexa
Fluor 700 anti-CD3 (SP34-2), allophycocyanin (APC) -
Cy7 anti-IL-2 (MQ1-17H12) and APC-Cy7 anti-CD16

—
Q
=

Plasma viral load

(3G8), all from BD Biosciences (San Jose, CA); PE-Cy7
anti-CD28 (CD28.2), and eFluor 650NC anti-CD8x
(RPA-T8), all from eBioscience (San Diego, CA);
QDot605 anti-CD8o (3B5) and PE-Texas Red anti-
Granzyme B (GB11) from Invitrogen (Carlsbad, CA);
PE anti-NKG2A (Z199) from Beckman Coulter (Fuller-
ton, CA); QDot655 anti-CD4 (T4/19Thy5D7) and APC
anti-oyff; (IgGl rhesus recombinant) from the NIH
Nonhuman Primate Reagent Resource (Boston, MA);
FITC anti-Perforin (Pf-344) from MabTech (Marie-
mont, OH); and Pacific Blue anti-CD197 (TG8/CCR7)
from Biolegend (San Diego, CA). Yellow and aqua
LIVE/DEAD viability dyes (Invitrogen) were used to
exclude dead cells. For circulatory and rectal NK cell
phenotyping, PBMCs and rectal lymphocytes were used
fresh. For measurement of T-cell-dependent NK cell
function, fresh PBMCs were stimulated with SIV-spe-
cific peptides (see below) before surface and intracellu-
lar staining. In both cases cells were stained for specific
surface molecules, fixed and permeabilized with a Cyto-
fix/Cytoperm Kit (BD Biosciences), and then stained
for specific intracellular molecules. At least 500 000 sin-
glet events were acquired on an SORP LSR II (BD Bio-
sciences) and analysed using FrowJo Software (Tree
Star Inc., Ashland, OR). For all samples, gating was
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established using a combination of isotype and fluores-
cence-minus-one controls.

NK and T-cell activation assays

T-cell recall responses as well as T-cell-dependent NK cell
responses were assayed in PBMCs as previously described.’
Briefly, T-cell-dependant NK cell responses were assayed
by stimulating 2 x 10° PBMCs with 1 pg/ml SIV,39 Gag
or Env peptide pools (complete sets of 15-mer peptides,
overlapping by 11 and spanning the entire protein; NIH
AIDS Research & Reference Reagent Program, German-
town, MD) for 24 hr. Stimulation was performed in the
presence of 2 pg/ml unconjugated anti-CD49d and anti-
CD28 (BD Biosciences). BD GolgiPlug, BD GolgiStop and
Alexa Fluor 647 anti-CD107a were added for the last 5 hr
of culture at the manufacturer’s recommended concentra-
tions. T-cell recall responses were assayed by stimulating
2 x 10° PBMCs with 1 pg/ml SIV,,.c230 Gag or Env pep-
tide pools for 6 hr. Stimulation was performed in the pres-
ence of 10 pg/ml Brefeldin A, 2 pg/ml anti-CD49d and
0-375 pg/ml PE-Cy7 anti-CD28 (all from BD Biosciences).
For both T-cell and NK cell activation assays, non-stimu-
lated and SEB-treated (5 pg/ml; Sigma) tubes were used as
negative and positive controls, respectively.

Statistical analysis

Data were analysed using Prism (v5.03, GraphPad Soft-
ware, Inc., La Jolla, CA). A P value of < 0-05 was consid-
ered statistically significant for each test.

Results

Impact of ART and Env immunization on plasma
and rectal tissue viral loads and CD4" T cell counts
in chronically SIV-infected macaques

Given that we had previously shown that 8 weeks of ART
partially restores SIV-specific T-cell-dependent NK cell
effector responses in SIV+ non-controlling macaques,” we
sought to determine whether a single intramuscular
immunization with SIV .51 gp120 protein given during
ART would boost Env-specific CD4" T-cell immune
responses and therefore improve T-cell-dependent NK cell
effector function. For this purpose 14 chronically SIV+
rhesus macaques were divided into three treatment
groups (Fig. 1la). Group A received 11 weeks of daily
ART; Groups B and C also received 11 weeks of daily
ART plus a single 100 pg dose of SIV .c051 gp120 at week
9. Animals in Groups A and B received no SIV immuno-
gens before SIV infection, whereas animals in Group C
had been vaccinated twice with SIV gp120 in alum before
SIV infection.** Fig. 1(b—d) shows the effect of ART ther-
apy on plasma and rectal tissue viral loads in each indi-

vidual macaque by group. Group A macaques responded
well to ART and rectal tissue viral loads were below the
limit of detection at week 8 (Fig. 1b). On the other hand,
ART was less successful in Group B and C macaques,
which displayed incomplete plasma and rectal tissue viral
load reductions (Fig. lc,d), although both parameters
were reduced at least two logs in all macaques. Some dis-
crepancies in viral load reductions were seen between
plasma and rectal tissue viral loads in individual maca-
ques, attributable to tissue sampling, as rectal viral loads
of each macaque were determined on single rectal pinch
biopsies. Despite the variable response to ART, there were
no significant differences in geometric mean plasma and
rectal tissue viral loads between treatment groups over
the course of the study (Fig. 2a,b). Further, all groups of
animals showed a comparable and statistically significant
recovery in their absolute number of circulating CD4" T
cells following the 11 weeks of ART (Fig. 2c).*” No signif-
icant changes in the absolute number of circulating CD8"
T cells were observed (Fig. 2d). Upon ART cessation, all
animals displayed a rebound in their plasma and tissue
viral loads and a slow decrease in their circulating CD4"
T cells (Fig. 2a—c).

Phenotypic and functional changes in NK cells of
SIV-infected macaques undergoing ART with or
without SIV gp120 immunization

The objective of the present study was to monitor pheno-
typic and functional changes in circulatory and rectal
NK cells (CD3~ CD8o* CD159a*) associated with ART
and gpl20 immunization. Initially, we measured the
proportional abundance of NK cells (total and subset
populations) in PBMCs and rectal tissue over the course
of the study. The NK gating strategy is shown in
Fig. 3(a). There were no significant differences in the
proportion of total NK cells or subsets at any time-point
in any group either in PBMCs (Fig. 3b) or rectal tissue
(Fig. 3¢).

Next, we evaluated the changes in surface expression
levels of the homing markers CCR7 and oyf3;, as well as
the cytotoxic intracellular proteins granzyme B and perfo-
rin. Throughout the study, no changes were detected in
expression levels of the gut homing marker oyf; or the
cytotoxic proteins granzyme B and perforin in any subset
of NK cells (data not shown). However, we detected a
subset-specific change in expression of the lymph node
homing marker CCR7 both in PBMC and in rectal tis-
sue-resident NK cells (see representative dot plots,
Fig. 4a). Within PBMCs, no changes in CCR7 expression
were observed in CD56" NK cells (Fig. 4b). On the other
hand, we observed a reduction in CCR7 expression in
CD16" and DN NK cells at week 11, but only in the two
groups of animals (Groups B and C) that received the
Env therapeutic immunization at week 9 (Fig. 4c,d; week
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Figure 3. Changes in total and subset-specific natural killer (NK) cells in peripheral blood mononuclear cells (PBMCs) and rectal tissue during
antiretroviral therapy (ART), with or without Env immunization. Freshly isolated PBMCs and rectal tissue-derived lymphocytes were stained to
determine the percentage of total (CD3~ CD8" NKG2A™) NK cells as well as CD16", CD56" and double-negative (DN) NK subsets. (a) Gating
strategy used to identify NK cells in PBMC (top) and rectal (bottom) samples. (b, ¢) Total and subset-specific distribution of NK cells in PBMCs

(b) and rectal tissue (c) samples. Data reported are means + SEM.

11). At week 13 (2 weeks post-ART release), CCR7
expression was still significantly reduced in CD16" NK
cells in Group B macaques (Fig. 4c) and DN NK cells in
Group C macaques (Fig. 4d). It should be mentioned that
while rhesus macaque CD56" and DN NK cells have pre-
viously been shown to express CCR7,*® CD16" NK cells
have been reported not to express CCR7.*®* Here we
observed that before any treatment CCR7 was expressed
at low and variable levels, similar between groups except
for CCR7" DN NK cells, where pre-ART levels differed
between Groups A and C (P < 0-05). Mean levels of

Published 2015. This article is a U.S. Government work and is in the public domain in the USA., Immunology, 145, 288-299

CCR7" cells before treatment were 1-5 £ 0-4% of CD16"
NK cells and 3-5 4 0-7% of DN NK cells in all groups
compared with 29-2 + 2-6% within CD56" NK cells.

In rectal tissue-resident NK cells we observed an ART-
associated trend, especially in Group A macaques,
towards a decrease in CCR7 expression in all NK cell
subsets (Fig. 4e—g). These decreases in CCR7 expression
were only statistically significant at week 13 (Fig. 4f) and
week 8 (Fig. 4g) for CD16" and DN NK cells, respec-
tively. Importantly, the proportions of CCR7" NK sub-
sets in rectal tissue of all macaques before treatment were
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Figure 4. Antiretroviral therapy- and Env immunization-associated changes in CCR7 expression in circulatory and rectal tissue-resident natural
killer (NK) cells. Freshly isolated peripheral blood mononuclear cells (PBMCs) and rectal tissue-derived lymphocytes were analysed for their
CCR?7 surface expression levels on CD56%, CD16" and double negative (DN) NK cell subsets. (a) Representative dot plots and overlaying histo-
grams showing CCR7 expression patterns in different NK cell subsets in PBMCs (top) and rectal (bottom) samples. (b-g) Percentage of CCR7"*
NK cells in each subset in PBMCs (top, b—d) and rectal (bottom, e, f) samples. Data reported are means = SEM. *P < 0-05 and **P < 0-01 indi-
cate statistically significant differences in each group when compared with Pre (week 0) by repetitive one-way analysis of variance followed by

Dunn’s multiple comparisons test.

also low and variable, but not different across NK cell
subsets and macaque groups: 2-2 + 0-9% for CD16" NK
cells, 20 £ 0-6% for CD56" NK cells, and 14 &+ 0-3%
for DN NK cells. The biological significance of the
changes seen in the minor populations of CCR7* CD16"
and DN NK cells is unknown. CCR7" CD56" NK cells
represent the major subset of NK cells present in lymph
node T-cell areas where they participate in bidirectional
T-cell-NK cell interactions.”” Changes in CCR7 expres-

sion, particularly in CD16" NK cells, may reflect the
immunomodulatory properties of the Toll-like receptor 4
(TLR4) -agonist (MPL-SE) used to adjuvant the Env
therapeutic immunization. It has been previously
reported that dendritic cells activated through TLR4
recruit NK cells and induce CCR7 expression in
CD56%™ CD16" NK cells.>® Whether the changes seen
here would be confirmed using larger numbers of maca-
ques requires further study.
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We previously reported that Gag-specific and Env-
specific T-cell-dependent NK cell effector responses were
observed in a group of SIV+ macaques that maintained
low levels of chronic viraemia (SIV+ controllers).
Furthermore, although these responses were not observed
in SIV+ non-controlling animals, they were partially res-
cued in these animals by short-term ART.” Here we
assessed if ART combined with an Env immunization
would further enhance these NK effector responses in
SIV+ non-controlling macaques. As shown in Fig. 5, Gag-
specific and Env-specific T-cell-dependent NK cell effector
responses, measured as IFN-y production by NK cells in
a 24-hr peptide stimulation assay, were significantly
increased in CD56" (Fig. 5a) and DN (Fig. 5b) NK cells
of all treatment groups after 11 weeks of ART. Interest-
ingly, although these responses were mostly Gag-specific
in the first weeks, Env-specific CD56" IFN-y responses
were observed at week 11 in the groups that received an
Env immunization at week 9 (Fig. 5a, week 11, Groups B
and C). ART therapy also minimally rescued Gag-specific
IFN-y production by CD16" NK cells (Fig. 5¢) but only
in macaques from Group A, which were the ones that
best responded to ART.

Previously, 8-week ART-mediated recovery of T-cell-
dependent NK cell effector responses in SIV+ non-

Modulating T-cell dependent NK responses

controlling macaques efficiently rescued only IFN-y
production.” In the present study, 11 weeks of ART ther-
apy successfully, although transiently, recovered TNF-a
production by CD56" NK cells, and this effect appeared
to be independent of the therapeutic Env immunization
(Fig. 5d). Unlike cytokine-producing functions, cytotoxic
potential in NK cells could not be rescued by ART plus
therapeutic Env immunization as shown in Fig. 5(e) by
the lack of significant enhancement of CD107a expres-
sion. Although 11 weeks of ART plus a single gpl20
boost significantly increased T-cell-dependent production
of IFN-y and TNF-o by CD56" and DN NK cells, upon
ART release these responses were progressively decreased
and returned to pre-ART levels by week 19 (Fig. 5a,b,d).

ART plus gp120 immunization impacts SIV-specific
IL-2 production by central memory CD4" T cells and
viraemia rebound post-ART

Given that SIV-specific NK cell effector responses are
dependent at least in part on IL-2 production by central
memory (CM) CD4" T cells,” we evaluated the effect of
ART plus Env immunization on the function of CD4" T
cells in SIV+ non-controlling macaques. As shown in
Fig. 6(a), 11 weeks of ART had a minimal effect on the
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Figure 6. Effect of antiretroviral therapy (ART) plus Env therapeutic immunization on simian immunodeficiency virus (SIV) -specific interleu-
kin-2 (IL-2) production by circulatory central memory CD4" T cells. Freshly isolated peripheral blood mononuclear cells (PBMCs) were stimu-
lated with SIV-specific peptides for 6 hr to measure intracellular cytokine production by central memory (CD28" CD95", CM) CD4" T cells. (a)
Env-specific production of interferon-y (IFN-y), IL-2 and tumour necrosis factor-o. (TNF-o) by CM CD4" T cells. (b) Gag- and Env-specific pro-
duction of IL-2 by CM CD4" T cells. *P < 0-05 and ***P < 0-001 indicate statistically significant differences of combined Env-specific cytokine
responses (a) and combined Gag- and Env-specific responses (b) between the compared time-points by Wilcoxon matched-pairs signed rank test.
(¢, d) Correlation in Group C macaques between Env-specific IFN-p-producing CD56" NK cells with Env-specific IL-2 production by CM CD4"
T cells (c) and week 11 plasma viral loads (d). (e, f) Correlation in all macaques between Gag-specific IFN-y-producing CD56" NK cells with
Gag-specific IL-2 production by CM CD4" T cells (e) and absolute number of circulatory CD4" T cells (f). Spearman’s correlation analysis was
used to determine statistical significance in c—f.

Env-specific production of IFN-y, IL-2 and TNF-a by (Fig. 6¢) and inversely correlated with plasma viral loads
CM CD4" T cells (Group A macaques). On the other (Fig. 6d). In contrast to the Env-specific NK cell
hand, gpl20 immunization given during ART signifi- responses, we observed a global positive correlation
cantly improved Env-specific production of these three in macaques of all three groups between Gag-specific
cytokines at week 11 in previously immunized macaques IL-2-producing CM CD4" T cells with Gag-specific IFN-y
(Fig. 6a, Group C), and also enhanced the Env-specific secreted by CD56" NK cells at week 11 (P = 0-0265,
anamnestic response in Group B macaques at week 13 Fig. 6e), reflecting an overall effect of ART. Similarly, the
following ART release (Fig. 6a). Important for T-cell- absolute number of circulatory CD4" T cells at week 11
dependent NK cell effector function, SIV-specific IL-2 also correlated with Gag-specific IFN-y production by
production by CM CD4" T cells was significantly rescued CD56" NK cells (P = 0-0318, Fig. 6f).

only in Group C macaques after the therapeutic Env Although all animals in the present study displayed
immunization, suggesting a contribution of the previous increasing levels of plasma viral loads post-ART, we
SIV Env vaccination (Fig. 6b). This rescue was lost post- observed a positive impact of the improved SIV-specific
ART. Further validation of the therapeutic effect of the functionality of CM CD4" T cells at the end of 11 weeks
ART plus Env immunization was seen in Group C maca- of ART in reducing the amount of circulatory virus
ques where Env-specific NK cell responses were strongly observed 2 weeks following ART release (Fig. 7). As
correlated with Env-specific IL-2 production at week 11 shown in Fig. 7(a) and (b), the extent of both Gag- and
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Figure 7. Impact of antiretroviral therapy (ART) plus Env therapeu-
tic immunization on plasma viral load rebound post-ART. Correla-
tions between Gag (a and ¢) and Env-specific (b and d) interleukin-
2 (IL-2) production by central memory (CM) CD4" T cells at week
11 with plasma viral load levels at week 13. Graphs on top (a and b,
n = 14) include all macaques in the study, whereas graphs on the
bottom (c and d, n = 10) include Env-immunized macaques only.
Spearman’s correlation analysis was used to determine statistical sig-
nificance.

Env-specific T-cell functionality recovered at the end of
ART, as seen by the percentage of [L-2" CM CD4" T cells
at week 11, had a positive effect on reducing rebound
viraemia at week 13 in all three groups of macaques. This
effect of ART was further improved by Env immunization
as observed in Group B and C macaques (Fig. 7d). In
these immunized macaques, Env-specific T-cell responses
displayed a much stronger negative correlation (Fig. 7d,
P =0-0008) compared with all the macaques (Fig. 7b,
P =0-025). In contrast, Gag-specific T-cell responses in
the same Group B and C macaques did not exhibit a sim-
ilarly enhanced negative correlation (Fig. 7c, P = 0-031
versus Fig. 7a, P = 0-018).

Discussion

In recent years, more attention has been given to NK cells
as mediators of antigen-specific effector responses and
their potential role in conferring protection against sev-
eral diseases that greatly impact public health.'”*"*! The
role played by NK cells during SIV and HIV infection has
been revisited, and it is now recognized that NK cells are
more than just effectors of innate immunity. They also
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interact with the adaptive immune system in contributing
to disease control, and perhaps also assist in the genera-
tion of long-term memory through the production of the
Th1-polarizing cytokine IFN-7.>* > ART has been shown
to impact NK cells during SIV infection. A short course
of ART (11 weeks) was recently shown to partially restore
the normal distribution of systemic and mucosal NK cell
subsets altered by SIV infection.’® We have previously
reported a novel T-cell-dependent effector function of
NK cells associated with strong and durable control of
viraemia in SIV+ controlling macaques,” that could be
partially restored in SIV+ non-controlling macaques by
8 weeks of ART. In that study, only CD69 and IFN-y
production by NK cells was recovered,” whereas here
11 weeks of ART was sufficient to rescue TNF-o produc-
tion as well (Fig. 5). The result suggests that longer peri-
ods of ART or a more effective ART regimen might result
in more long-lasting effects.

Whereas our previous study documented recovery of
T-cell-dependent Gag-specific NK responses, here we
extended our results to show recovery of Env-specific NK
cell responses, resulting from the effects of ART com-
bined with Env immunization. Notably, the Env immuni-
zation was administered in MPL-SE, a TLR4 agonist
known to stimulate type 1 IFN, leading to maturation of
dendritic cells and NK cells, and IL-12, enabling cross-
activation of both cell types.”” Figure 5(a) shows that an
Env-specific response by CD56" IFN-y" NK cells occurred
at week 11 only in Groups B and C after the gpl20
immunization. This effect was maintained 2 weeks post-
ART release in the previously immunized Group C maca-
ques, suggesting that further boosting of the Env-specific
response in these macaques enhanced the anamnestic
response following the subsequent viral rebound upon
ART release. In this regard, Group A macaques exhibited
a delayed response to both Gag and Env at week 13
(Fig. 5a), also attributable to increased viraemia upon
ART release.

Restoration of Env-specific CD4" T-cell function was
also seen, most strikingly in Group C macaques that were
previously vaccinated with SIV gp120 and subsequently
boosted here with SIV gp120 at week 9 (Fig. 6a,b). The
result was a strongly positive correlation between Env-spe-
cific IFN-y* CD56" NK cells and Env-specific IL-2" CM
CD4" T cells (Fig. 6¢c). However, consistent with previous
results, all macaques showed positive correlations between
Gag-specific IFN-y" CD56" NK cells and both Gag-spe-
cific IL-2" CM CD4" T cells (Fig. 6e) and absolute num-
bers of CD4" T cells in peripheral blood (Fig. 6f), again
implicating ART in contributing to the overall response.
The overall impact of ART was reduced viraemia, which
correlated with improved T-cell function. This was seen in
all 14 macaques in the three groups for Gag-specific IL-2"
CM CD4" T-cell responses (Fig. 7a). The gp120 immuni-
zation had little effect on this Gag-specific response, as
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seen by the similar correlation coefficient and P-value
when only the 10 macaques of Groups B and C were anal-
ysed (Fig. 7c). This was not the case when Env-specific
responses were examined. While Env-specific IL-2* CM
CD4" T-cell responses of all 14 macaques were signifi-
cantly correlated with reduced viraemia (Fig. 7b), the cor-
relation coefficient and P-value for the 10 macaques of
Groups B and C were much stronger (Fig. 7d). This result
occurred in spite of the lack of a significant correlation of
Env-specific NK responses of Group B macaques with IL-
2" CM CD4" T cells. The lack of functional correlation
seen in Group B macaques is most likely because NK cells
can respond to picomolar amounts of IL-2,”** although a
secondary contribution from other NK-cell-activating
cytokines, such as IL-12 and IL-15 produced by antigen-
presenting cells, is also feasible."® Hence, both ART and
gp120 immunization contributed to viraemia reduction.
Although the various NK responses did not by themselves
correlate with reduced viraemia, our data showing strong
correlations of co-operative NK responses with functional
T cells suggest that they contributed to the protective out-
come. The significant, albeit transient, recovery in SIV-
specific T-cell and NK cell responses observed in the pres-
ent study is similar to previously described transient
recoveries in HIV- and SIV-specific immune functions fol-
lowing cytokine-based immunotherapies.*** Whether a
combination of gpl20 immunization with cytokine-based
NK cell targeted immunotherapy during ART would fur-
ther benefit T-cell-dependent NK cell effector functions
will require further study.

Recently, Jost et al.>* reported that therapeutic immu-
nization of HIV-infected individuals on ART could
restore CD4" T-cell function, thereby enhancing NK cell
activity. Here, we confirmed these results and extended
the findings to the SIV-rhesus macaque model. Our study
differs from that of Jost et al., in that we treated chroni-
cally infected animals de novo, whereas viraemia was
already well controlled in the HIV' individuals. More-
over, Jost et al. continued ART following immunization,
perhaps leading to greater enhancement of NK cell func-
tion, whereas in our study ART was discontinued 2 weeks
post-immunization. Nevertheless, we clearly show that
therapeutic modulation of SIV-specific T-cell-dependent
NK cell responses is possible through ART and Env
immunization. The greatest benefit of such combined
treatment may be in previously vaccinated individuals
who subsequently become infected, as shown by our
results in previously vaccinated macaques.
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