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A series of stereochemically defined cyclic ethers as P2-ligands were incorporated in an allophenylnors-
tatine-based isostere to provide a new series of HIV-1 protease inhibitors. Inhibitors 3b and 3c, contain-
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The introduction of protease inhibitors into highly active anti-
retroviral treatment (HAART) regimens with reverse transcriptase
inhibitors represented a major breakthrough in AIDS chemother-
apy.! This combination therapy has significantly increased life
expectancy, and greatly improved the course of HIV management.
Therapeutic inhibition of HIV-1 protease leads to morphologically
immature and noninfectious viral particles.> However, under the
selective pressure of chemotherapeutics, rapid adaptation of viral
enzymes generates strains resistant to one or more antiviral
agents.? As a consequence, a growing number of HIV/AIDS patients
harbor multidrug-resistant HIV strains. There is ample evidence
that such strains can be readily transmitted.? Therefore, one of
the major current therapeutic objectives has been to develop novel
protease inhibitors (PIs) with broad-spectrum activity against mul-
tidrug-resistant HIV-1 variants. In our continuing interest in devel-
oping concepts and strategies to combat drug-resistance, we have
reported a series of novel PIs including Darunavir, TMC-126, GRL-
06579, and GRL-02031.-% These inhibitors have shown exceed-
ingly potent enzyme inhibitory and antiviral activity as well as
exceptional broad spectrum activity against highly cross-resistant
mutants. Darunavir, which incorporates a (R)-(hydroxymethyl)-
sulfonamide isostere and a stereochemically defined bis-tetrahy-
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drofuran (bis-THF) as the P2-ligand, was initially approved for
the treatment of patients with drug-resistant HIV and more re-
cently, it has been approved for all HIV/AIDS patients including
pediatrics® (Fig. 1).

Darunavir was designed based upon the ‘backbone binding’ con-
cept developed in our laboratories. Darunavir-bound X-ray structure
revealed extensive hydrogen bonding with the protease backbone
throughout the enzyme active site.!° The P2-bis-THF ligand is
responsible for its superior drug-resistance properties. The bis-THF
ligand has been documented as a privileged ligand for the S2-subsite.
Incorporation of this ligand into other transition-state isosteres also
resulted in significant potency enhancement.!’ Besides 3(S)-THF,
and [3asS,5S,6R]-bis-THF, we have designed a number of other novel
cyclic ether-based high affinity ligands. Incorporation of these li-
gands in (R)-(hydroxyethyl)-sulfonamide isosteres provided Pls
with excellent potency and drug-resistance properties.®® We then
investigated the potential of these structure-based designed P2-li-
gands in a KNI-764-derived isostere designed by Mimoto and co-
workers.!? This PI incorporates an allophenylnorstatine isostere.
Interestingly, KNI-764 has maintained good activity against HIV-1
clinical strains resistant to several FDA-approved Pls. The flexible
N-(2-methyl benzyl) amide P2’-ligand may have been responsible
for its activity against drug-resistant HIV-1 strains as the flexible
chain allows better adaptability to mutations.’®!2 The bis-THF and
other structure-based designed P2-ligands, make several critical



1242 A. K. Ghosh et al./Bioorg. Med. Chem. Lett. 20 (2010) 1241-1246

NH,
\ o) H ?H N#/@
N ~ N NS

H=—" O~
6\/ 1, Darunavir
K,=16 pM, EC5g = 1.6 nM
H (?)H I—'S
N N
HO :
Me Op” O 07 NH Me
2, KNI-764
o 8 T
LY
T = ph” 07 "NH Me
o0/

3b (GRL-0355)
K;= 5.2 pM, ICsp = 9.2 "M

Figure 1. Structures of inhibitors 1, 2, and 3b.

hydrogen bonds with the protein backbone, particularly with Asp-
29 and Asp-30 NH's.!! Therefore, incorporation of these ligands into
the KNI-764-derived isostere, may lead to novel PIs with improved
potency and efficacy against multidrug-resistant HIV-1 variants.
Furthermore, substitution of the P2-phenolic derivative in KNI-764
with a cyclic ether-based ligand could result in improved metabolic
stability and pharmacological properties since phenol glucuronide is
readily formed when KNI-764 is exposed to human hepatocytes
in vitro."?

The synthesis of target compounds 3a-e was accomplished as
described in Scheme 1. Our synthetic plan for carboxylic acid 7
(Scheme 1) involved the preparation of the key intermediate 5
through two different synthetic pathways. In the first approach,

OH OH
BocHN . _~_-OAc

Scheme 1. Reagents: (a) Hy, Pd/C, Boc,0, EtOAc; (b) Ac,0, Pyr, DMAP; (c) LiCOs,
AcOH, DMF; (d) 2-methoxypropene, CSA, DCM; (e) K,CO3, MeOH; (f) RuCls, NalOy,
CCl4~-MeCN-H,0 (2:2:3); (g) N-methylmorpholine, iBuOCOCI, 8a, THF.

known optically active azidodiol 4'* was first hydrogenated in
the presence of Boc,0. The resulting diol was converted to 5 by
selective acylation of the primary alcohol with acetic anhydride
in the presence of pyridine and a catalytic amount of DMAP at
0 °C for 4 h to provide 5 in 77% overall yield. As an alternative ap-
proach, commercially available optically active epoxide 6 was ex-
posed to lithium acetate, formed in situ from lithium carbonate
and acetic acid in DMF. This resulted in the regioselective open-
ing'® of the epoxide ring and afforded compound 5 in 62% yield.
The alcohol 5 thus obtained was protected as the corresponding
acetonide by treatment with 2-methoxypropene in the presence
of a catalytic amount of CSA. The acetate group was subsequently
hydrolyzed in the presence of potassium carbonate in methanol to
afford the corresponding alcohol. This was subjected to an oxida-
tion reaction using ruthenium chloride hydrate and sodium perio-
date in a mixture of aqueous acetonitrile and CCl, at 23 °C for 10 h.
This resulted in the formation of the target carboxylic acid 7 in 61%
yield. Amide 9a was prepared by activation of carboxylic acid 7
into the corresponding mixed anhydride by treatment with isobu-
tylchloroformate followed by reaction with amine 8a.!%'”
Synthesis of various inhibitors was carried out as shown in
Scheme 2. Deprotection of the Boc and acetonide groups was car-
ried out by exposure of 9 to a 1 M solution of hydrochloric acid
in methanol at 23 °C for 8 h. This provided amine 10 in quantitative

0
Ph” 0 °NH Me
O 10
drd )
(o] Oo
11a
o %" © 07 NH Me

= (0]
-/ 11b ‘\ H 11c NO,
H ~J.0._ 0 No_ o
ST,
(0] \ fo)
ko\ N02
H  11d 0~ 41e

Scheme 2. Reagents: (a) 1M HCl, MeOH; (b) 11a, Et3N, CH,Cl,; (c) 11b,c, EtsN,
CH,Cl,; or, 11d,e, DIPEA, THF.
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yield. Reaction of 11a with amine 10 in CH,Cl; in the presence of
Et3N at 23 °C for 6 h, provided inhibitor 3a in 62% yield. The 3(S)-
tetrahydrofuranyl carbonate 11a was prepared as described previ-
ously.’® Similarly, allophenylnorstatine-based inhibitors 3b-e
were synthesized. As shown, carbonates 11b,'® 11¢,” and 11d-e'®
were prepared as previously described. Reaction of these carbon-
ates with amine 10 furnished the desired inhibitors 3b-e in 45-
62% yield.

The syntheses of inhibitors 14a,b and 16a-c were carried out as
shown in Scheme 3. Inhibitors 14a,b, containing hydroxyethyl-
amine isostere were prepared by opening epoxide 6 with amine
8a in the presence of lithium perchlorate in diethyl ether at 23 °C
for 5 h to provide amino alcohol 12 in 64% yield. Removal of the
Boc-group by exposure to 1 M HCl in MeOH at 23 °C for 12 h affor-
ded amine 13. Reactions of amine 13 with activated carbonates 11a
and 11b afforded urethane 14a and 14b in 44% and 59% vyields,
respectively. For the synthesis of inhibitors 16a-c, commercially
available (R)-5,5-dimethyl-thiazolidine-4-carboxylic acid was pro-
tected as its Boc-derivative. The resulting acid was coupled with
amines 15a-c in the presence of DCC and DMAP in CH,Cl; to pro-
vide the corresponding amides. Removal of the Boc-group by expo-
sure to 30% trifluoroacetic acid afforded 8b-d. Coupling of these
amines with acid 7 as described in Scheme 1, provided the corre-
sponding products 9b-d. Removal of Boc-group and reactions of
the resulting amines with activated carbonate 11b furnished inhib-
itors 16a-c in good yields (55-60%).

OH /f'S
a B
6 —— BocHN\/\/Nf
Ph” 12 0° "NH Me
lb
c ?H [-"S
14a,b -« HgN\/\/Nr<
Ph” 43 O NH Me
7 —9 > BocHN 4 N/’S
Y
Me ph”  C 07 NH Me
H2N 9b R = OMe
9¢c R = NH,
R 9d R = CH,0H R
15a R = OMe
15b R = NH, e
15¢ R = CH,0H
s
8bR = OMe 16a R=0OMe
8¢ R=NH, 16b R =NH,
16c R = CH,OH

-
HN
8d R = CH,0H
07 "NH Me

R

Scheme 3. Reagents: (a) 8a, Li(Cl0,4), Et,0; (b) CF3CO,H, CH,Cl,; (c) 11a or, 11b,
Et3N, CH,Cl,; (d) N-methylmorpholine, isobutylchloroformate, 8b-d, THF; (e)
CF3C02H, CHzclz, then llb. Eth. CH2C12
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Inhibitors 3a-e were first evaluated in enzyme inhibitory assay
utilizing the protocol described by Toth and Marshall?® Com-
pounds that showed potent enzymatic K; values were then further
evaluated in antiviral assay. The inhibitor structure and potency
are shown in Table 1. As shown, incorporation of a stereochemi-
cally defined 3(S)-tetrahydrofuran ring as the P2-ligand provided
inhibitor 3a, which displayed an enzyme inhibitory potency of
0.2 nM and antiviral ICsq value of 20 nM. The corresponding deriv-
ative 14a with a hydroxyethylamine isostere exhibited over 400-
fold reduction in enzyme inhibitory activity. Introduction of a ster-
eochemically defined bis-THF as the P2-ligand, resulted in inhibi-
tor 3b, which displayed over 40-fold potency enhancement with
respect to 3a. Inhibitor 3b displayed a K; of 5.2 pM in the enzyme
inhibitory assay. Furthermore, compound 3b has shown an impres-
sive antiviral activity with an ICsq value of 9 nM. Inhibitor 14b with
hydroxyethylamine isostere is significantly less potent than the
corresponding norstatine-derived inhibitor 3b. Inhibitor 3¢ with
a (3aS, 5R, 6aR)-5-hydroxy-hexahydrocyclopenta[b]furan as the
P2-ligand has displayed excellent inhibitory activity, and particu-
larly, antiviral activity, showing an ICso value of 13 nM. Other
structure-based designed ligands in inhibitors 3d and 3e have
shown subnanomolar enzyme inhibitory activity. However, inhib-
itor 3b with a bis-THF ligand has shown the most impressive
activity.

To obtain molecular insight into the possible ligand-binding site
interactions, we have created energy-minimized models of a num-
ber of inhibitors based upon protein-ligand X-ray structure of KNI-
764 (2).2! An overlayed model of 3b with the X-ray structure of 2-
bound HIV-1 protease is shown in Figure 2. This model for inhibitor
3b was created from the X-ray crystal structure of KNI-764 (2)-
bound HIV-1 protease (KNI-764, pdb code 1MSM?') and the X-ray
crystal structure of darunavir (pdb code 2IEN?2), by combining the
P2-end of the darunavir structure with the P2’-end of the KNI-764
structure, followed by 1000 cycles of energy minimization. It ap-
pears that both oxygens of the bis-THF ligand are suitably located
to form hydrogen bonds with the backbone atoms of Asp-29 and
Asp-30 NH's, similar to darunavir-bound HIV-1 protease.'® Further-
more, the KNI-764-X-ray structure-derived model of 3b suggested
that the incorporation of appropriate substituents on the phenyl ring
could interact with Asp-29’ and Asp-30 in the S2’-subsite. In partic-
ular, it appears that a 4-hydroxymethyl substituent on the P2’-phe-
nyl ring could conceivably interact with backbone Asp-30" NH in the
S2’-subsite. Other substituents such as a methoxy group or an amine
functionality also appears to be within proximity to Asp-29’ and
Asp-30’ backbone NHs. Based upon these speculations, we incorpo-
rated p-MeO, p-NH, and p-CH,0H substituents on the P2’-phenyl
ring of inhibitor 3b. As shown in Table 1, neither p-MeO nor p-NH,
groups improved enzyme inhibitory potency compared to inhibitor
3b. Of particular note, compound 16a, displayed a good antiviral po-
tency, possibly suggesting a better penetration through the cell
membrane. Inhibitor 16c with a hydroxymethyl substituent showed
sub-nanomolar enzyme inhibitory potency but its antiviral activity
was moderate compared to unsubstituted derivative 3b. As it turned
out, inhibitor 3b is the most potent inhibitor in the series. We subse-
quently examined its activity against a clinical wild-type X4-HIV-1
isolate (HIV-1ggs104pre) along with various multidrug-resistant clin-
ical X4- and Rs- HIV-1 isolates using PBMCs as target cells.® As can be
seen in Table 2, the potency of 3b against HIV-1grio4pre
(ICs0 = 31 nM) was comparable to the FDA approved PI, amprenavir
with an ICsq value of 45 nM. Darunavir and atazanavir on the other
hand, are significantly more potent with ICs, values of 5nM and
3 nM, respectively. Inhibitor 3b, while less potent than darunavir,
maintained 5-fold or better potency over amprenavir against HIV-
1MDRIC- HW'IMDR/G- HN'IMDR/TM and H[v'lMDR/MM- It maintained
over a 2-fold potency against HIV-1ypgsi. In fact, inhibitor 3b
maintained comparable potency to atazanavir against all



1244 A. K. Ghosh et al./Bioorg. Med. Chem. Lett. 20 (2010) 1241-1246

Table 1
Enzymatic inhibitory and antiviral activity of allophenylnorstatine-derived inhibitors
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Entry Inhibitor K; (nM) ICso™ (uM)
Ve i
(o] HT \/\ﬂ/
H oo = (8
9 _\/ Ph 0" NH Me 1.01 0.53
0 16b
NH,
il i
10 H :\} Ph/ OO NH Me 031 023
[¢)
16¢c
OH

? Values are means of at least three experiments.

 Human lymphoid (MT-2) cells were exposed to 100 TCIDs values of HIV-1,4, and cultured in the presence of each PI, and ICso values were determined using MTT assay.

Darunavir exhibited K; = 16 pM, 1C5¢ = 1.6 nM.

Figure 2. Structure of inhibitor 3b, modeled into the active site of HIV-1 protease, superimposed on the X-ray crystal structure of KNI-764. Inhibitor 3b carbons are shown in

green and KNI-764 carbons are shown in magenta.

Table 2

Antiviral activity of 3b (GRL-0355) against multidrug-resistant clinical isolates in PHA-PBMs.
Virus ICso (pM)

3b (GRL-0355) APV ATV DRV

HIV-Tggsio4pre (Wild-type: X4) 0.031 £ 0.002 0.045+0.014 0.003 £ 0.003 0.005 £ 0.001
HIV-Typric (X4) 0.061 £ 0.005 (2) 0346 + 0.071 (8) 0.045 + 0.026 (15) 0.010 + 0.006 (2)
HIV-Tymprc (X4) 0.029 £ 0.002 (1) 0.392 £ 0.037 (9) 0.029 £ 0.020 (10) 0.019 +0.005 (4)
HIV-Typrm (X4) 0.064 £ 0.032 (2) 0.406 + 0.082 (9) 0.047 £ 0.009 (16) 0.007 £ 0.003 (1)
HIV-1ymprmm (R5) 0.042 £ 0.001 (1) 0.313+£0.022 (7) 0.040 £ 0.002 (13) 0.027 £ 0.008 (5)

HIV-1yipryst (R5)

0.235 +0.032 (8)

0.531 £ 0.069 (12)

0.635 £ 0.065 (212)

0.028 + 0.008 (6)

The amino acid substitutions identified in the protease-encoding region of HIV-1ggs104pre. HIV-1¢, HIV-1g, HIV-1p, HIV-1)5. compared to the consensus type B sequence cited
from the Los Alamos database include L63P; L10I, 115V, K20R, L241, M361, M46L, 154V, 162V, L63P, K70Q,V82A, L89M; L10I, V111, T12E, 115V, L19], R41K, M46L, L63P, A71T,
V82A, L90M; L10I, K14R, R41K, M46L, 154V, L63P, A71V, V82A, L90M; L10I, K43T, M46L, 154V, L63P, A71V, V82A, L90M, Q92K; and L10I, L24], [33F, E35D, M361, N37S, M46L,
154V, R57K, 162V, L63P, A71V, G73S, V82A, respectively. HIV-1ggsioapre served as a source of wild-type HIV-1. The ICso values were determined by using PHA-PBMs as target
cells and the inhibition of p24 Gag protein production by each drug was used as an endpoint. The numbers in parentheses represent the fold changes of ICsq values for each
isolate compared to the ICsq values for wild-type HIV-1ggsioapre. All assays were conducted in duplicate, and the data shown represent mean values (+1 standard deviations)
derived from the results of two or three independent experiments. Amprenavir = APV; Atazanavir = ATV; Darunavir = DRV.

multidrug-resistant clinical isolates tested. The reason for its
impressive potency against multidrug-resistant clinical isolates is
possibly due to its ability to make extensive hydrogen-bonds with
the protease backbone in the S2 subsite and its ability to fill in the
hydrophobic pockets in the S1’-S2’ subsites effectively.
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In conclusion, incorporation of stereochemically defined and
conformationally constrained cyclic ethers into the allophenyl-
norstatine resulted in a series of potent protease inhibitors. The
promising inhibitors 3b and 3c are currently being subjected to
further in-depth biological studies. Design and synthesis of new
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classes of inhibitors based upon above molecular insight are cur-
rently ongoing in our laboratories.
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Human immunodeficiency virus type 1 (HIV-1) and pathogenic simian immunodeficiency virus (SIV)-
infected naive hosts experience a characteristic absence of early and potent virus-specific neutralizing
antibody (NAb) responses preceding establishment of persistent infection. Yet conversely, we have
recently shown that NAbs passively immunized in rhesus macaques at early post-SIV challenge are capa-
ble of playing a critical role in non-sterile viremia control with implications of antibody-enhanced antigen
presentation. In a current follow-up study we have further reported that NAbs mediate rapid elicitation
of polyfunctional virus-specific CD4+ T-cells in vivo. The NAb-immunized macaques mounting these
responses exhibited sustained viremia control for over 1 year, accompanied with robust anti-SIV cellular
immunity. Perspectives obtained from the results are discussed.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction: NAb absence in HIV-1/SIV acute infection

Absence of potent neutralizing antibody (NAb) responses in
the very acute phase of human immunodeficiency virus type 1
(HIV-1) and simian immunodeficiency virus (SIV) infections is
one major manifestation of defective adaptive immune responses
in naive hosts, generally failing in containment of virus repli-
cation unless privileged with certain genetic polymorphisms.
HIV-1-specific NAb responses are unusually delayed in orders of
months and hardly detected near peak infection. The primary
humoral immune responses against these viruses are instead
dominated by non-neutralizing virus-specific IgMs and IgGs [1]
along with signs of aberrant polyclonal B-cell activation [2].
This initial failure is followed by a discordant array of NAbs
appearing in the subacute to chronic phase, each reaching con-
siderable titers yet being permissive of continuous neutralization
escape by the autologous virus [3-6]. A preferential and possi-
bly consequent exhaustion of HIV-1-specific B-cell responses has
also been indicated in the chronic phase [7]. With these back-
grounds a prophylactic induction of NAbs, particularly via pursuit
of an optimal immunogen design eliciting a broadly neutralizing
spectrum, has been a major aim in AIDS vaccine development
[8].

Along with molecular analyses of NAbs and the HIV-1/SIV
envelope proteins known for their skewed antigenicity, protective
activities of monoclonal and polyclonal NAbs in vivo have been
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assessed by passive immunization mainly in nonhuman primates.
To date, vaccine regimens inducing satisfactory NAb titers even
against homologous challenge strains have not yet been devel-
oped. Passive immunization currently is a first choice surrogate
for NAb analysis, but they do hold certain advantageous aspects,
such as being suited for examining their impact within a certain
time zone of interest. Initial studies showed that NAbs reaching
a sufficient pre-challenge (or very early post-challenge) plasma
or mucosal neutralizing titer typically render complete protection
from chimeric simian/human immunodeficiency virus (SHIV) chal-
lenged via the same route [9-12], whereas titers to be attained
for the viral inoculum sterilization had been a demanding one.
On the other hand, it had been rather difficult to reach a con-
sensus in determining whether NAbs can exhibit anti-HIV-1/SIV
activity in established infections. This was partly because the rapid
memory CD4+ T-cell destructive nature of CCR5-tropic HIV-1 and
pathogenic SIV had been clarified only recently [13,14], which
turned out to differentially validate the moments of NAb infusion
in each study retrospectively. For example, NAbs passively admin-
istered in the chronic phase of HIV-1/SIV infection did not exert any
impact on disease course even as a sequel to antiretroviral therapy
in humans [15-16], while anti-SIV IG infusion at day 1 and day 14
post-SIVSsmE660 challenge provided divergent viremia outcomes
in infected macaques [17]. In HIV-1-inoculated human peripheral
blood leukocyte-reconstituted SCID mice (hu-PBL-SCID mice), no
suppressive effect was observed by NAb cocktail infusion past day
6 infection [18]. A common niche of these studies did however
exist, which was the evaluation of the direct impact of NAbs on
pre-peak viral replication and what we had designed to assess in
our system.
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Fig. 1. Plasma viral loads in naive controls and NAb-immunized macaques. Changes
in geometric mean plasma viral loads in naive controls (squares with dotted lines)
and NAb-immunized macaques (triangles with bold lines) are shown. Error bars
show the 95% confidence interval at each time point. The geometric mean plasma
viral loads between weeks 12 and 60 were 5 x 104 copies/ml in naive controls and
<1 x 10° copies/ml NAb-immunized macaques.

2. Non-sterile SIV control via NAbs

As an answer to this delineated question, we recently provided
evidence for the clear potency of NAbs to control established
immunodeficiency virus replication in vivo by performing a post-
infection NAb passive immunization in SIVmac239-challenged
rhesus macaques [19]. While most SIVmac239-infected naive
macaques usually fail to elicit NAb responses during the early
phase of infection, some acquire detectable levels of NAbs against
the challenge strain in the late phase. IgG purified from plasma of
such SIVmac239-infected macaques with NAb induction, showing
in vitro SIVmac239-specific neutralizing activity, was used for
passive immunization as polyclonal anti-SIV NAbs. These NAbs
were administered intravenously at day 7 post-SIVmac239 chal-
lenge, just before peak replication. The NAb passive immunization
resulted in significant reduction of set-point viral loads (Fig. 1);
this suppressive effect on viral replication became apparent
(after week 5) past the limited duration (<1 week) of detectable
NAD titers (Fig. 2). A notable observation in the NAb-immunized
macaques was an accumulation of viral RNA in peripheral lymph
node dendritic cells (DCs) within 24h after the NAb infusion.
Pulsing of DCs with NAb-bound SIV activated virus-specific CD4+
T cells in vitro with Fc-dependence, pointing out to a possibility
of antibody-mediated virion uptake to DCs and facilitation of
T-cell priming. This study thus unraveled that the existence of
sub-sterile NAbs near peak infection can indeed render significant
suppressive activity against establishment of immunodeficiency
virus persistent infection.
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Fig. 2. Time-course events in NAb-mediated SIV control. The limited detection of
plasma NAD titers between days 7 and 14 are concurrent with the rise in DC-viral
loads (days 8-10), which is followed by appearance of Gag-specific CD4+ T cells
with higher polyfunctionality at day 14 and CD8+ cells possessing higher anti-SIV
efficacy at day 21 post-challenge. Plasma viral loads in the two groups start to show
significant differences at week 8, and this is withheld up to week 60 post-challenge
shown in Fig. 1. The box shows the critical time zone (weeks 1-2 post-challenge) to
prime SIV-specific cellular immunity via NAb coexistence. Viral loads up to week 2
are drawn in a wider scale to ease visualization.

In our second follow-up study [20], the functional phenotypes
of virus-specific T-cell responses in NAb-immunized macaques
and naive controls were further evaluated. Peripheral blood
mononuclear cells (PBMCs) from both groups were pulsed with
recombinant SIV Gag proteins in vitro, and SIV Gag-specific
CD4+ T cells were assessed of their polyfunctionality via mea-
surement of antigen-specific interferon-y (IFN-y), tumor necrosis
factor-a (TNF-a), interleukin-2 (IL-2), macrophage inflammatory
protein-1B (MIP-1B), and CD107a expression. The frequencies of
polyfunctional Gag-specific CD4+ T cells, defined here as the upreg-
ulation of >3 of these five markers, were significantly elevated
in the NAb-immunized macaques at day 14 post-challenge com-
pared with naive controls. Frequencies of these polyfunctional
Gag-specific CD4+ T cells showed an inverse correlation with
plasma viral loads at week 5, implying that early induction of these
effectors was involved in the subsequent reduction of viremia.

In the chronic phase of infection (around week 30), Gag-specific
CD4+ T-cell responses were detected in the NAb-immunized
animals with higher polyfunctionality. These cells also showed
their enhanced proliferative capacity as determined by SIV Gag-
specific BrdU uptake. Accompanying these Gag-specific CD4+ T-cell
responses, viral replication in the chronic phase remained signif-
icantly contained in the NAb-immunized macaques (Table 1 and
Fig. 1). Three out of five animals exhibited undetectable plasma

Table 1
Summary of the passive NAb immunization experiment.
Animal MHC-1 haplotype Ab-Tx at week 1 post-challenge? Set-point VL (copies/ml)
Naive controls
RO1-011 90-010-le - 2x10%to 2 x 10°
RO1-D12 90-010-1d - 2x10%to2 x 10°
RO3-005 90-030-Ig - 1x10°to2 x 104
R0O2-004 90-088-1j - 5% 10%to 5 x 10°
R0O2-021 NDP Control Ab 3x10°t06x 108
~ R06-038 90-010-le Control Ab 1x10%t02x10°
NAb-immunized
RO3-011 90-010-le Anti-SIV NAb <4 x10?
R06-023 90-010-1d Anti-SIV NAb <4 x10?
R0O3-020 ND Anti-SIV NAb 1x10% to2 x 104
R02-020 ND Anti-SIV NAb 1x10°to 2 x 10*
RO3-013 90-030-1h Anti-SIV NAb <2x10°

2 Macaques received no immunization (-) or passive immunization with control Abs or anti-SIVmac239 NAbs intravenously at week 1 post-SIVmac239 challenge.

b Not determined.
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viral loads up to 60 weeks post-challenge, while the other two also
maintained them at low levels lacking any palpable sign of control
failure. De novo NAbs were not detected in the NAb-immunized
group, together suggesting that a single administration of NAbs in
acute SIV infection can result in long-term viremia control with
appearance of robust virus-specific CD4+ T-cell responses.

Gag-specific CD8+ T-cell frequencies at day 14 post-challenge
were simultaneously assessed in both groups, which revealed
no significant differences in polyfunctionality between the two.
The caveat here may have been the stimulation protocol, relying
on cross-presentation of the pulsed recombinant SIV Gag pro-
tein which left room for a possibility of suboptimal virus-specific
CTL examination. Therefore we alternatively attempted to assess
their direct anti-SIV efficacy by performing an in vitro viral sup-
pression assay (VSA). In this assay, CD8+ effector cells positively
selected from PBMCs at week 3 post-infection were cocultured
with autologous CD8-negative target cells pre-infected with SIV
and peak virus productionin the culture supernatant was measured
[20]. CD8+ cells from three out of four examined NAb-immunized
macaques showed nearly complete suppression of progeny virus
production, a phenomenon not observed in any of the examined
naive controls. Notably, none of the NAb-immunized macaques
possessed an MHC class I (MHC-I) haplotype 90-120-Ia which has
been previously shown to mount potent anti-SIV CTL responses.
These data suggest that the NAb administration may help de
novo induction of CD8+ cells exerting enhanced anti-SIV efficacy
in vivo.

3. Significance of T-cell induction in NAb-mediated SIV
control

Collectively these findings have depicted a previously undoc-
umented pattern of immunodeficiency virus control, in that the
early existence of NAbs preceding peak SIV replication was fol-
lowed by de novo appearance of polyfunctional Gag-specific CD4+
T cells (at week 2) and subsequent robust viremia control (after
week 5) (Fig. 2). While the direct virus-neutralizing activity of the
antibodies, as well as other effector functions such as antibody-
dependent cell-mediated virus inhibition (ADCVI) [21,22] and/or
complement activation [23] may have additively provided the pro-
tection ofinduced virus-specific CD4+T cells from events such as DC
trans-infection [24], the above sequence also coheres with our pro-
posed possibility of NAb-mediated antigen presentation [19,25].
Antibody binding to soluble antigens is known to facilitate Fc-
mediated uptake and resultant MHC class Il antigen presentation in
DCs [26,27], which renders the appearance of virus-specific poly-
functional CD4+ T cells in NAb-immunized macaques likely being a
result of direct induction via NAb-mediated virion uptake into DCs.

An enigmatic role for HIV-1/SIV-specific CD4+T cells has overall
been posedin thisregard of their potential vulnerability. While hav-
ing been found of their presence as an inverse correlate of chronic
phase viremia in HIV-1-infected humans [28], memory CD4+ T-
cell subsets themselves (which likely include the virus-specific
effectors) have been later determined as the primary target of
CCR5-tropic primary AIDS-virus infections [15,29-32]. Detectable
HIV-1-specific effector CD4+ T-cell responses in humans show an
agreeable decline as viremia progresses [33], which may be driven
by selective infection to some extent [34]. These are also in agree-
ment with one study which documents prophylactic induction
of Env-specific CD4+ T cells exerting a detrimental influence on
the otherwise self-remitting course of SIVsmE660 viremia within
that system [35]. In CTL-based prophylactic vaccines, acute and
long-term preservation of (total and central) memory CD4+ T-
cell counts has accordingly been defined as a passive correlate of
protection status [36-38]. Hence the entity of truly contributable
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HIV-1/SIV-specific CD4+ T-cell responses has overall not been clar-
ified, although implications of their enrollment exist such as in
relatively benign HIV-2 infection [39]. The current study newly
supports two possibilities. One is that de novo polyfunctional Gag-
specific effector CD4+ T cells, if induced, may be potent of actively
driving primary viremia control; in other words, their existence
can be taken as a cause rather than a result of protection. The other
is that the antigen-specific activation potential of central memory
CD4+ T cells is reinforced as a detailed protective correlate during
chronic infection as in humans [28], in addition to the quantitative
preservation of the subset. These two hallmarks in NAb-mediated
SIV control sharply contrast Gag-specific CD4+ T-cell responses in
naive controls which, importantly, exhibit neither of the two.

It is important to question how these Gag-specific polyfunc-
tional CD4+ T cells had exerted anti-SIV activity. Possibilities
include roles such as conventional helper cells providing cognate
assistance in priming CTLs for viremia clearance [40], effectors
directly suppressing infected cells with [41,42] or without cytolytic
activity, or both. Results of the CD8+ cell VSA in NAb-immunized
macaques do not contradict participation of SIV-specific CTLs
in acute phase viremia control, partially supporting the first
candidate. When we performed VSA with CD8+ cells from the
chronic phase (around week 20 post-challenge) in NAb-immunized
macaques, no comparable in vitro virus suppression had been
observed (unpublished results). This may also concur with the con-
tracting levels of SIV-specific CTLs at low viral replication levels in
vivo. Augmented virus-specific CTLs being a major, though maybe
not the only, determinant of viremia suppression in the acute phase
may be areasonable explanation; if so, how their commitment may
differ from viremia control in vaccinated and naive SIV elite con-
trollers (ECs) [43,44], or HIV-1 ECs in humans [45], is still unknown.
Another factor to consider may be the Gag-specificity of these CD4+
T cells. As in CTLs, where importance of their Gag-biased induction
in HIV-1/SIV viremia control has been emphasized both in vitro and
in vivo [46,47], inducing CD4+ T-cell responses with a preference
for Gag epitopes may also be advantageous in HIV-1/SIV control.

Regardless of the precise mechanism, there certainly lies a limi-
tation to directly extrapolating results of this post-infection NAb
passive immunization study to the patterns of protection likely
afforded by endogenous NAb-inducing regimens. Nevertheless it
is still important to recognize that the concordance of primary
SIV control with de novo induction of polyfunctional Gag-specific
CD4+ T cells, near the normal peak of systemic memory CD4+
T-cell destruction [14], does strengthen the rationale for prophy-
lactic NAb induction. Even if induced NAbs do not prevent the
initial establishment of HIV-1/SIV infection, they may well exhibit
their potential against systemic infection by a non-sterile protec-
tive mechanism. This narrow 1-week window around peak plasma
viremia (Box in Fig. 2) is indeed some watershed for the HIV-1/SIV-
infected host to impact viremia thereafter.

4. Perspectives: humoral and cellular immune concert for
HIV-1 control

Whether or how cellular and humoral immune responses may
collectively exert their effect against CCR5-tropic HIV-1/SIV acute
infections had been unexplored, while systems involving other
retroviruses have given some implications for this question. In
Friend murine leukemia virus infection, high doses of administered
pre-exposure NAbs have provided an augmentation to memory
T-cell-based control [48]. A similar augmentation does not, how-
ever, appear to happen in CXCR4-tropic SHIV89.6P infection [49].
Turning to a self-remitting benign SHIV infection (SHIV DH12R
clone 8), the negative effect of CD20-depletion had only become
apparent in macaques lacking a highly protective MHC-I allele
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(Mamu-A*01), suggesting a seemingly interdependent rather than
synergistic cooperation [50].

It is noteworthy that CD20+ B-cell depletion in the SIV/SHIV-
macaque model is an interesting but intrinsically sensitive
approach. What is problematic is that the outcome is complicated
in a virus strain-dependent manner. In a pathogenic virus chal-
lenge (e.g., SIVmac) model the set-point viremia is significantly
high. This seemingly blunts the effect of transient B-cell depletion
from an incompetent baseline [51], while an impact on disease
course appears to be partially observed in the subacute phase
by constitutive B-cell depletion [52]. On the contrary, in models
where relatively benign SIV (or SHIV}) strains are challenged, host
CTL responses reaching a certain threshold of potency may read-
ily control viremia by themselves. The need of humoral immunity
assistance is sufficiently compensated here, which again damp-
ens the impact of B-cell depletion [53]. The propensity in such
models seems to be that B-cell depletion effects only become appre-
ciable in non-elite cellular immunity-eliciting controllers [50,54].
Since no detectable NAbs are elicited in acute to subacute SIV
infection, it likely follows that the cases of accelerated pathology
via B-cell depletion may derive from the deprival of non-NAb-
mediated effects, such as ADCVI. Taken together, the endogenous
existence of antiviral non-neutralizing antibodies may change the
outcome from rapid progression to persistent infection, whereas
the exogenous administration of NAbs may change the outcome
from persistent infection to relative viremia control.

The entity of humoral immunity modulation against cellular
immunity in HIV-1/SIV infection is hence still unclear; neverthe-
less one thing is becoming evident which is that, at least, NAbs and
T cells do not diminish each other in mere competitive coexistence
for target elimination. Especially near peak SIV replication, NAb-
dependent modification of T-cell immunity does exert a significant
impact on virernia control.

In conclusion, there appears to be a preference of a balance,
perhaps a temporal one, between induction of HIV-1/SIV-specific
CD8+, CD4+ T cells and NAbs. Determining the requisites for
NAb-triggered T-cell immunity-based SIV replication control shall
further reveal rational endpoints for prophylactic HIV-1 vac-
cines.
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Broadening of CD8™ cell responses in vaccine-based
simian immunodeficiency virus controllers

Nami Iwamoto®, Tetsuo Tsukamoto®, Miki Kawada®, Akiko Takeda?,

Hiroyuki Yamamoto®, Hiroaki Takeuchi® and Tetsuro Matano®™

b

Objective: In our prior study on a prophylactic T-cell-based vaccine, some vaccinated
macaques controlled a simian immunodeficiency virus (S1V) challenge. These animals
allowed viremia in the acute phase but showed persistent viral control after the setpoint.
Here, we examined the breadth of postchallenge virus-specific cellular immune
responses in these SIV controllers.

Design: We previously reported that in a group of Burmese rhesus macaques posses-
sing the MHC haplotype 90-120-la, immunization with a Gag-expressing vaccine
results in nonsterile control of a challenge with SIVmac239 but not a mutant SIV
carrying multiple cytotoxic T lymphocyte (CTL) escape gag mutations. In the present
study, we investigated whether broader cellular immune responses effective against the
mutant SIV replication are induced after challenge in those vaccinees that maintained
wild-type SIVmac239 control.

Methods: We analyzed cellular immune responses in these SIV controllers (n=8).

Results: These controllers elicited CTL respanses directed against SIV non-Gag anti-
gens as well as Gag in the chronic phase. Postvaccinated, prechallenge CD8% cells
obtained from these animals suppressed wild-type SIV replication in vitro, but mostly
had no suppressive effect on the mutant SIV replication, whereas CD8™ cells in the
chronic phase after challenge showed efficient antimutant SIV efficacy. The levels of in-
vitro antimutant SIV efficacy of CD8™ cells correlated with Vif-specific CD8" T-cell
frequencies. Plasma viremia was kept undetectable even after the mutant SIV super-
challenge in the chronic phase.

Conclusion: These results suggest that vaccine-based wild-type SIV controllers can
acquire CD8™ cells with the potential to suppress replication of SIV variants carrying
CTL escape mutations. © 2010 Wolters Kluwer Health | Lippincott Williams & Wilkins

AIDS 2010, 24:2777-2787

Keywords: AIDS vaccine, cytotoxic T lymphocyte, major histocompatibility
complex, mutation, simian immunodeficiency virus

Introduction

Virus-specific CD8" cytotoxic T lymphocyte (CTL)
responses are crucial for the control of HIV and simian
immunodeficiency virus (SIV) replication [1-6]. Cumu-
lative studies on HIV-infected individuals have shown
association of HLA genotypes with rapid or delayed AIDS
progression [7,8]. For instance, most of the HIV-infected

individuals possessing HLA-B*57 have been indicated to
show a better prognosis with lower viral loads, implicating
HLA-B*57-restricted epitope-specific CTL responses in
this viral control [9-11]. Indian rhesus macaques
possessing particular major histocompatibility complex
class I (MHC-I) alleles such as Mamu-B*17 tend to show
SIV control [12—14]. These imply possible HIV control
by induction of particular effective CTL responses.
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Recent trials of prophylactic T-cell-based vaccines in
macaque AIDS models have indicated a possibilicy of
reduction in postchallenge viral loads [15-20]. We
previously developed a prophylactic AIDS wvaccine
consisting of a DNA prime followed by a boost with a
Sendai virus (SeV) vector expressing SIVmac239 Gag
(SeV-Gag) [21,22]. Our trial showed vaccine-based
control of a SIVmac239 challenge in a group of Burmese
rhesus macaques sharing the MHC-I haplotype 90—120-
Ia; these 90-120-Ia-positive vaccinees dominantly elicited
Gagops216 (IINEEAADWDL) epitope-specific  and
G3g241_249 (SSVDEQIQW) CPitOPC—SpCCiﬁC CTL
responses and contained SIVmac239 replication after
challenge [15,23]. In contrast, 90-120-Ia-positive vacci-
nees failed to control a challenge with a mutant virus,
SIVmac239Gag216S244E247L312V373T (referred to as
SIV-G64723mt), which carries five gag mutations resulting
in escape from recognition by Gag-specific CTLs
including Gagoeg 216-specific  and  Gagpqy_pgo-specific
CTLs. This indicates that these CTL responses play a
crucial role in the vaccine-based primary control of wild-
type SIVmac239 replication [24]. Furthermore, in a
SIVmac239 challenge experiment of 90-120-Ia-positive
rhesus macaques that received a prophylactic vaccine
expressing the Gagpg1249 epitope fused with enhanced
green fluorescent protein (EGFP), this single epitope
vaccination resulted in control of SIVmac239 replication
with dominant induction of Gagp4;_sse-specific CTL
responses in the acute phase after challenge [25]. We refer
to these vaccinated animals that controlled viral replication
after wild-type SIVmac239 challenge as SIV controllers in
the present study.

Administration of SIV controllers with a monoclonal anti-
CD8 antibody (i.e., CD8 depletion after the establishment
of primary viral control) has suggested that CD8" cell
responses play an important role in maintaining the viral
control in the chronic phase [26,27]. Then, it is of great
concern whether these wild-type SIV controllers can
acquire CD8™ cells effective against replication of SIV
variants escaping from dominant CTL responses. In the
present study, we have analyzed 90-120-Ia-positive vacci-
nees controllinga SIVmac239 challenge in order to examine
whether 90-120-Is-positive animals can elicit cellular
immune responses effective against the mutant SIV, SIV-
G64723mt, carrying multiple CTL escape gag mutations.
Ouranalysesin these vaccine-based SIV controllersrevealed
dynamics of virus-specific cellular immune responses
during persistent viral control and suggested postchallenge
induction of CD8™ cells able to suppress replication of SIV
variants carrying CTL escape mutations.

Materials and methods

SIV-G64723mt
The SIV-G64723mt  (SIVmac239Gag216S244E247L
312V373T) carries five gag mutations, GagL.216S (leading

to a leucine [L]-to-serine [S] substitution at the 216th
amino acid in Gag, GagD244E (aspartic acid [D]-to-
glutamic acid [E] at the 244th amino acid), Gagl247L
(isoleucine [I] to L at the 247th amino acid), GagA312V
(alanine [A] to valine [V] at the 312th amino acid), and
GagA373T (A to threonine [T] at the 373rd amino acid),
which were selected, at the cost of viral fitness, in a
SIVmac239-infected macaque possessing the MHC-I
haplotype 90-120-Ia, as described previously [23,28].
Gagl216S, GagD244E, Gagl247L, and GagA373T
mutations, which became dominant mostly in SIV-
mac239-infected 90-120-Ia-positive rhesus macaques,
result in viral escape from recognition by Gag206-216-
specific, Gag241-249-specific, and Gag373-380-specific
CTLs, respectively, whereas it remains unclear whether
GagA312V was selected for by CTLs.

Animal experiments

Eight Burmese rhesus macaques (Macaca mulatta) posses-
sing the MHC-I haplotype 90-120-Ia, which showed
vaccine-based control of a SIVmac239 challenge, were
used in this study and divided into two groups (Fig. 1a).
Five macaques, R06-015, R03-014, R03-012, R02-002,
and R02-003, in group I received a prophylactic DNA
prime/SeV-Gag boost vaccine (referred to as DNA/SeV-
Gag vaccine) and contained SIVmac239 challenge as
reported previously [15,24,29]. The DNA used for the
vaccination, CMV-SHIVAEN [15], was constructed from
env-deleted and nef-deleted simian—human immunode-
ficiency virus SHIV yp14ve [30] molecular clone DNA
(SIVGP1) and has the genes encoding SIVmac239 Gag,
Pol, Vif, and Vpx, SIVmac239-HIV chimeric Vpr, and
HIV Tat and Rev. At the DNA vaccination, animals
received 5 mg of CMV-SHIVJEN DNA intramuscularly.
Six weeks after the DNA prime, animals received a single
boost intranasally with 6 x 10” cell infectious units
(CIUs) of F-deleted replication-defective SeV-Gag
[31,32]. At week 1 after SIV challenge, macaque R03-
014 was inoculated with nonspecific immunoglobulin G
(IgG), and macaques R03-012 and R02-002 with IgG
purified from neutralizing antibody-positive plasma of
chronically SIV-infected macaques in our previous study
[29]. Two macaques R04-016 and R06-007 in group II
received a prophylactic prime-boost vaccine eliciting
single Gagoyqq1.249 epitope-specific CTL responses
(referred to as DNA/SeV-Gagaig_250-EGFP  vaccine)
and contained SIVmac239 challenge as reported pre-
viously [25]. In this vaccine protocol, animals were
primed with 5mg of pGagsse.50-EGFP-N1 DNA
expressing a Gagpsg_250-EGFP fusion protein, followed
by a boost with 6 x 10° CIU of F-deleted SeV expressing
the Gagpsg_250-EGFP fusion protein (SeV-Gagasg 250-
EGFP). Macaque R04-015 in group II received a
prophylactic prime-boost vaccine eliciting Gagaps-216
epitope-specific and Gagpa1_ 249 epitope-specific CTL
responses (referred to as DNA/SeV-Gagpoz-216-EGFP
and DNA/SeV—Gag236_25O—EGFP VaCCine); thiS amma.l
was primed with pGagsgs 216~-EGFP-N1 and pGagose_

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.
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(a)
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| R06-015 DNA/SeV-Gag week 0 week 40 Undetectable
R03-014 DNA/SeV-Gag week 0 week 53 Undetectable
R03-012 DNA/SeV-Gag week 0 week 53 Undetectable
R02-002 DNA/SeV-Gag week 0 week 156 Undetectable
R02-003 DNA/SeV-Gag week 0 week 208 Undetectable
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R04-016 DNA/SeV-Gag236-250-EGFP week 0 week 116 Undetectable
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Fig. 1. Plasma viral loads in simian immunodeficiency virus controllers. (a) The list of rhesus macaques used in this study. All are
90-120-la-positive. SIVmac239-specific neutralizing antibody (anti-SIV NAb) responses just before the mutant SIV superchallenge
were undetectable. (b) Plasma viral loads (SIV gag RNA copies/m| plasma) determined as described previously [15]. The lower
limit of detection is approximately 4 x 107 copies/ml. The arrows indicate the time points of SIV-G64723mt superchallenge. SIV,

simian immunodeficiency virus.

250-EGFP-N1 DNAs, followed by a boost with SeV-
Gag202_216—EGFP and SeV—Gag236_250-EGFP. Both
pGag202_216—EGFP—N1 and SeV—Gag202_216—EGFP
express a Gagpop.216-EGFP fusion protein [33]. These
vaccinated animals were challenged intravenously with
1000 50% tissue culture infective doses (T'CIDsg) of
SIVmac239 [34] approximately 3 months after the boost
and were superchallenged intravenously with 1000
TCIDso of SIV-G64723mt in the chronic phase. The
challenge virus stocks were prepared by virus propagation
on rhesus macaque peripheral blood mononuclear cells

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

(PBMCs). All animals were maintained in accordance
with the guidelines for animal experiments at the
National Institute of Infectious Diseases.

In-vitro viral suppression assay

To evaluate in-vitro anti-SIVmac239 or anti-SIV-
G64723mt efficacy of CD8" cells, we examined
SIVmac239 or SIV-G64723mt replication on CDS8-
depleted PBMCs in the presence of CD8¥ cells positively
selected from macaque PBMCs as described previously
[27,35]. In brief, PBMCs were separated into CD8" and
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CD8™ cells by using Macs CD8 MicroBeads (Miltenyi
Biotec, Tokyo, Japan). For preparing target cells, the
CD8™ cells selected from PBMCs obtained before
SIVmac239 challenge were cultured in the presence of
2 wg/ml phytohemagglutinin L and 201U/ml recombi-
nant human interleukin-2 (Roche Diagnostics, Tokyo,
Japan) and infected with SIVmac239 at a multiplicity of
infection (MOI) of 1:10>TCIDsg/cell or with SIV-
G64723mt at MOI of 1:10° TCIDsg/cell, using the
virus stocks prepared by virus propagation on HSC-F
cells (herpesvirus saimiri-immortalized macaque T-cell
line} [36]. SIV-G64723mt with lower replicative ability
was added at higher MOI to show similar replication
kinetics with SIVmac239 replication in the control
culture without CD8™ cells. Target cells were cultured for
2 days and then effector CD8™ cells selected from PBMCs
obtained 1 week after boost or at several time points after
the challenge were added to the target cells at an
effector : target (E: T) ratio of 1: 4. Reverse transcriptase
activities in these culture supernatants were measured [37]
to determine the peak of viral production in the control
culture of target cells without CD8% cells. RNA was
extracted from culture supernatants at the peak using the
high pure viral RNA Kit (Roche Diagnostics) and viral
RNA levels were measured by LightCycler system
(Roche Diagnostics) using SIV  gag-specific primers
(GTAGTATGGGCAGCAAATGA and TGTTCCTG
TTTCCACCACTA) and probes (GCATTCACGCA
GAAGAGAAAGTGAAACA-Flu and LCRed-ACTG
AGGAAGCAAAACAGATAGTGCAGAGA) (Nihon
Gene Research Laboratories Inc., Sendai, Japan).
Reduction in viral production by addition of each group
of CD8" cells was shown as reduction (fold) in viral RNA
level compared with that in the supernatant from virus-
infected CD8™ cell culture without CD8" cells.

Analysis of virus-specific CD8" T-cell responses
We measured virus-specific CD8" T-cell levels by flow
cytometric analysis of gamma interferon (IFN-v)
induction after specific stimulation as described pre-
viously [15]. In brief, PBMCs were cocultured for 6h
with autologous herpesvirus papio-immortalized B-
lymphoblastoid cell lines pulsed with 1 pwmol/l1 SIV-
mac239 Gagzoé_z«lﬁ, Gag241_249, or Gag367_381 peptides for
Gag206_216—speciﬁc, Gag241_249~5peciﬁc, or Gag367_381—
specific stimulation. Alternatively, PBMCs were cocul-
tured with B-lymphoblastoid cell lines pulsed with
peptide pools using panels of overlapping peptides
spanning the entire SIVmac239 Gag, Pol, Vif, Vpx,
Vpr, Tat, Rev, Nef, and Env amino acid sequences.
Intracellular IFN-vy staining was performed using a
CytofixCytoperm kit (BD, Tokyo, Japan) and fluorescein
isothiocyanate-conjugated antihuman CD4, peridinin
chlorophyll protein-conjugated antihuman CDS, allo-
phycocyanin-conjugated antihuman CD?3, and phycoer-
ythrin-conjugated antihuman IFN-y monoclonal anti-
bodies (BD). Specific CD8™ T-cell levels were calculated
by subtracting nonspecific IFN-y* CD8" T-cell fre-

quencies from those after peptide-specific stimulation.
Specific CD8" T-cell levels lower than 100 per million
PBMCs were considered negative.

Analysis of virus-specific neutralizing antibody
responses

SIVmac239-specific neutralizing antibody responses were
examined by determining the end point plasma titers for
inhibiting 10 TCIDsq virus replication as described
previously [26]. Serial two-fold dilutions of heat-
inactivated plasma were prepared in quadruplicate and
mixed with 10 TCIDsq of SIVmac239. In each culture,
5 pl of virus was incubated with 5 pl of plasma for 45 min
and was added to 5 x 10* MT4 cells. Reverse transcrip-
tase activities in the culture supernatants on day 12 were
measured to determine the 100% neutralizing endpoint.
The lower limit of detection is a titer of 1:2.

Statistical analysis

Statistical analysis was performed using Prism software
version 4.03 (GraphPad Software Inc., San Diego,
California, USA) with significance levels set at a P value
of less than 0.05. Specific CD8" T-cell frequencies and
in-vitro anti-SIV efficacy levels (fold of reduction in viral
production) were log transformed and correlation was
analyzed by the Pearson test.

Results

Anti-SIVmac239 and anti-SIV-G64723mt
efficacy in vitro of CD8™" cells in simian
immunodeficiency virus controllers

We analyzed eight 90-120-Ia-positive rhesus macaques
that showed vaccine-based control of a SIVmac239
challenge (Fig. 1a). These SIV controllers were divided
into group I consisting of five animals (R06-015, R03-
014, R03-012, R02-002, and R02-003) vaccinated with
DNA/SeV-Gag [15] and group II consisting of one
animal (R04-015) vaccinated with DINA/SeV-Gagygo_
216-EGFP and DNA/SeV-Gags36.250-EGFP and two
(R04-016 and R06-007) vaccinated with DNA/SeV-
Gagaeo50-EGFP [25]. After an intravenous challenge
with SIVmac239, all of these macaques showed viremia in
the acute phase, but then controlled viral replication;
plasma viremia was undetectable after the setpoint

(Fig. 1b).

First, we investigated the potential of macaque CD8"
cells obtained at several time points, after boost but before
SIVmac239 challenge (referred to as postboost) and after
challenge, to suppress SIVmac239 (Fig. 2) or SIV-
G64723mt (Fig. 3) replication by in-vitro viral suppres-
sion assay [27,38-40]. In this assay, PBMC-derived
CD8™ target cells infected with SIVmac239 or SIV-
G64723mt were cocultured with effector CD8" cells
from PBMCs obtained at several time points at an E/T
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Fig. 2. Anti-SIVmac239 efficacy in vitro of CD8" cells in
simian immunodeficiency virus controllers. PBMC-derived
CD8" (target) cells infected with SIVmac239 were cultured
alone or cocultured with autologous PBMC-derived CD8"
(effector) cells at several time points at an E: T ratio of 1:4.
The ratios of viral RNA levels in the supernatants from the
coculture to those without CD8™ cells are shown. ND: not
determined. p-B: 1 week after boost; 5M, 1Y, 2Y, 3Y, and 4Y:
5 months, 1, 2, 3, and 4 years after challenge, respectively; p-
SC: 1 or 2 months after superchallenge. Open triangles
indicate the time points of SIVmac239 challenge and closed
triangles SIV-G64723mt superchallenge. PBMC, peripheral
blood mononuclear cell; SIV, simian immunodeficiency
Virus.

pB & sh 1Yy

ratio of 1:4, and viral production in culture supernatants
was examined to assess suppressive effect of CD8" cells on
viral replication in vitro.

CD8" cells 1 week after boost mostly suppressed wild-
type SIVmac239 replication efficiently. In contrast, these
postboost CD8™ cells failed to show efficient suppressive
effect on SIV-G64723mt replication. These results
suggest that GagZOG-ZlG"SPCCiﬁCs Gag241,249-speciﬁc,
and Gagsg7.381-specific CTL responses play a central
role in the suppression of SIVmac239 replication by
postboost CD8™ cells.

After SIVmac239 challenge, all these animals showed
efficient in-vitro anti-SIV-G64723mt efficacy (more than
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Fig. 3. Anti-SIV-G64723mt efficacy in vitro of CD8™ cells in
simian immunodeficiency virus controllers. PBMC-derived
CD8" cells infected with SIV-G64723mt were cultured alone
or cocultured with autologous PBMC-derived CD8 cells at
several time points at an £: T ratio of 1: 4. The ratios of viral
RNA levels in the supernatants from the coculture to those
without CD8™ cells are shown. ND: not determined. p-B: 1
week after boost; 5M, 1Y, 2Y, 3Y, and 4Y: 5 months, 1, 2, 3,
and 4 years after challenge, respectively; p-SC: 1 or 2 months
after superchallenge. Open triangles indicate the time points
of SIVmac239 challenge and closed triangles SIV-G64723mt
superchallenge. PBMC, peripheral blood mononuclear cell;
SIV, simian immunodeficiency virus.

two-fold reduction in viral production) of CD8" cells,
sooner or later, in the chronic phase. The levels of in-vitro
anti-SIV-G64723mt efficacy of CD8" cells tended to
become higher in the chronic phase. Anti-SIVmac239
efficacy of CD8™ cells was not associated with anti-SIV-
G64723mt efficacy. For instance, some CD8" cells
efficiently suppressed SIV-G64723mt but not SIVmac239
replication. After all, all SIV controllers acquired
CD8™ cells able to suppress the mutant SIV-G64723mt
replication in vitro in the chronic phase.

Control of a mutant simian. immunodeficiency
virus superchallenge

These animals were superchallenged with a mutant SIV,
SIV-G64723mt, that has five gag mutations resulting in
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escape from recognition by Gagype_216-specific, Gagayy-
249-specific, and Gagsg7_381-specific CTLs around 1 year
(R06-015, R03-014, and R03-012), 2 years (R04-015,
R04-016, and R06-007), 3 years (R02-002), or 4 years
(R02-003) after SIVmac239 challenge. The replicative
ability of SIV-G64723mt is significantly lower than that of
wild-type SIVmac239, but SIV-G64723mt challenge of
naive 90-120-Ia-negative rhesus macaques can result in
persistent viral replication and AIDS progression [23,28].
It has previously been shown that 90-120-Is-positive
macaques vaccinated with DNA-prime/SeV-Gag-boost
are unable to contain a SIV-G64723mt challenge,
whereas they can control replication of wild-type
SIVmac239 [24]. Indeed, we confirmed that CD8™ cells
obtained from these 90-120-Ia-positive vaccinees before
challenge efficiently suppressed wild-type SIVmac239
but not SIV-G64723mt replication in vitro. In the present
study, however, all eight wild-type SIV controllers
contained the SIV-G64723mt superchallenge without
detectable viremia (Fig. 1b). SIVmac239-specific neu-
tralizing antibody responses were undetectable around
the superchallenge in any of these controllers (Fig. 1a).
These results indicate that, after SIVmac239 challenge,
the SIV controllers acquired the potential to control SIV-
G64723mt replication in the absence of neutralizing
antibody responses, although to what extent CD8" cell
responses may contribute to this containment of SIV-
G64723mt superchallenge remains unclear. Postsuper-
challenge CD8™ cellssuppressed both SIVmac239and SIV-
G64723mt replication in vitro efficiently (Figs. 2 and 3).

Simian immunodeficiency virus Gag-specific
cytotoxic T lymphocyte responses in simian
immunodeficiency virus controllers

Then, in these SIV controllers, we examined Gagspg.216-
specific, Gags41_249-specific, and Gagsg7_3g1-specific CTL
responses, which have previously been indicated respon-
sible for control of SIVmac239 replication in 90-120-Ia-
positive vaccinees [24] (Fig. 4a). In DNA/SeV-Gag
vaccinated animals (R06-015, R03-014, R03-012, and
R02-002), SIV-specific CTL responses were undetect-
able before SeV-Gag boost (data not shown), but Gagaos._
216-specific, Gagagi_aqo-specific, and Gagsgr.3g1-specific
responses were efficiently induced 1 week after the boost.
After SIVmac239 challenge, these animals showed
efficient responses of these CTLs in the acute phase.
These CTL levels were reduced in the chronic phase, but
Gagp41.249-specific CTL responses were detectable even 1
year after challenge. In macaque R04-015 vaccinated
with DNA/SeV-Gagsoz.216-EGFP and DNA/SeV-
Gagy36-250-EGFP, Gagygg_216-specific CTL responses
were induced dominantly 1 week after boost and 2 weeks
after SIVmac239 challenge, whereas Gagp41_249-specific
CTL responses were detected predominantly in the
chronic phase. In macaques R04-016 and R06-007
vaccinated with DNA/ SeV—Gag236_250-EGFP, Gag241_249-
specific CTL responses were induced dominantly 1 week
after boost and 2 weeks after SIVmac239 challenge and

were maintained in the chronic phase. No significant
enhancement of these CTL responses was observed after
SIV-G64723mt superchallenge.

We also examined Gag-specific CTL responses in SIV
controllers at several time points by using a panel of
overlapping peptides (Gag peptide pools 1-10) spanning
the entire SIVmac239 Gag (Fig. 4b). Group I macaques
vaccinated with DNA/SeV-Gag elicited CTL responses
directed against not only Gag peptide pool 5 (including
Gag206_216 and Gag241_249) and 7 (including Gag367_381)
but also other Gag peptide pools after boost and after
challenge; some peptide pool-specific CTLs were
diminished, whereas others appeared in the chronic
phase. In contrast, group II macaques eliciting CTL
responses directed against single Gagsog_216 (R04-015) or
Gagos1-249 (R04-016 and R06-007) epitope after boost
showed predominant Gag peptide pool 5-specific CTL
responses after challenge and accumulated multiple Gag
epitope-specific CTL responses in the chronic phase.
These results indicate dynamics of postchallenge Gag-
specific CTL responses in vaccine-based SIV controllers.
After SIV-G64723mt superchallenge, changes in the
pattern of Gag-specific CTL responses were observed in
some animals.

Simian immunodeficiency virus non-Gag
antigen-specific cytotoxic T lymphocyte
responses in simian immunodeficiency virus
controllers

Next, in SIV controllers, we examined CTL responses
directed against SIV non-Gag antigens by using panels of
overlapping peptides spanning the entire SIVmac239
antigens other than Gag (Fig. 5a). These SIV controllers
showed SIV non-Gag-specific CTL responses from the
early phase after challenge. After SIV-G64723mt super-
challenge, broadening or changes in the pattern of these
CTL responses were observed in some animals; Vif-
specific or Nef-specific CTL responses were detected
predominantly, although we did not find common CTL
epitopes in Vif or Nef.

Correlation of antigen-specific cytotoxic T
lymphocyte levels with in-vitro antivirus efficacy
levels

Finally, we analyzed correlation of antigen-specific CTL
levels with in-vitro anti-SIVmac239 or anti-SIV-
G64723mt efficacy levels of CD8" cells (Fig. 5b). We
found a correlation of anti-SIVmac239 efficacy levels
with Gagage_216-specific and Gagpgy_pgo-specific CTL
levels but not with total Gag-specific CTL levels. The
anti-SIVmac239 efficacy levels did not correlate with
either Gagyosn16-specific or Gagpay-249-specific CTL
levels alone (data not shown), although our previous
study [25] indicated inverse correlation between peak
plasma viral loads and the levels of Gag4;_249-specific
CTLs dormnantly induced in DNA/ SCV—Gag236_250—
EGFP-vaccinated animals in the acute phase after
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Fig. 4. Gag-specific CD8* T-cell responses in simian immunodeficiency virus controllers. (a) Gag,ps.216-specific (206), Gagza1.
249-specific (241), and Gagsey.381-specific (367) CD8" T-cell frequencies at several time points are shown. Regarding macaque
R02-003, we confirmed efficient responses of these CTLs after boost and in the acute phase as reported previously [24] but did not
have enough PBMC samples for the analyses in the chronic phase. (b) A panel of 117 overlapping peptides (15-17 amino acid in
length and overlapping by 10-12 amino acid) spanning the entire SIV Gag amino acid sequence was divided into the following 10
pools (each consisting of 11 or 12 peptides): pool 1, first to 65th amino acid in SIV Gag; pool 2, 55th to 114th amino acid; pool 3,
104th to 165th amino acid; pool 4, 155th to 213th amino acid; pool 5, 202nd to 265th amino acid; pool 6, 255th to 316th amino
acid; pool 7, 306th to 364th amino acid; pool 8, 354th to 416th amino acid; pool 9, 406th to 464th amino acid; and pool 10, 453rd
to 510th amino acid. These Gag peptide pool-specific CD8* T-cell frequencies at several time points are shown. ND: not
determined. p-B: 1 week after boost; 2W, 5M, 1Y, and 2Y: 2 weeks, 5 months, 1, and 2 years after challenge, respectively; p-SC: 1
or 2 months after superchallenge. Open triangles indicate the time points of SIVmac239 challenge and closed triangles SIV-
G64723mt superchallenge. CTL, cytotoxic T lymphocyte; PBMC, peripheral blood mononuclear cell; SIV, simian immunode-
ficiency virus.
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Fig. 5. Analysis of correlation between anti-SIVmac239 or anti-SIV-G64723mt efficacy in vitro and simian immunodeficiency
virus antigen-specific CD8* T-cell levels in simian immunodeficiency virus controllers. (a) SIV non-Gag antigen-specific CD8™* T-
cell responses. Pol-specific, Vif-specific, Vpx-specific, Vpr-specific, Tat-specific, Rev-specific, Nef-specific, and Env-specific
CD8* T-cell frequencies at several time points were measured by using panels of overlapping peptides spanning the entire
SIVmac239 Pol, Vif, Vpx, Vpr, Tat, Rev, Nef, and Env amino acid sequences, respectively. R02-003 PBMC samples were
unavailable. 2M, 5M, 1Y, and 2Y: 2, 5 months, 1, and 2 years after challenge, respectively; p-SC: 1 or 2 months after
superchallenge. Open triangles indicate the time points of SIVmac239 challenge and closed triangles SIV-G64723mt super-
challenge. (b) Analysis of correlation between anti-SIVmac239 (Wt SIV) efficacy (left panels) or anti-SIV-G64723mt (Mt SIV)
efficacy (right panels) levels and Gagyoe-216-specific plus Gagaas1-249-specific CTL (upper panels) or Gag-specific CTL (lower
panels) levels (n=30 in each panel). A correlation between anti-5IVmac239 efficacy levels and Gag,ge.216-specific plus Gaga1-
249-specific CTL levels is indicated (P=0.0421, R=0.3735). (c) Analysis of correlation between after challenge anti-SIVmac239
efficacy (left panels) or anti-SIV-G64723mt efficacy (right panels) levels and Vif-specific CTL (upper panels) or Nef-specific CTL
(lower panels) levels (n=19 in each panel). Correlations of anti-SIVmac239 efficacy levels with Vif-specific CTL (P=0.0034,
R=0.6731) and with Nef-specific CTL levels (P=0.0476, R=0.4599) and a strong correlation between anti-SIV-G64723mt
efficacy levels and Vif-specific CTL levels (P=0.0003, R=0.7372) are indicated. CTL, cytotoxic T lymphocyte; SIV, simian
immunodeficiency virus.

anti-SIV-G64723mt efficacy levels after challenge
strongly correlated with Vif-specific CTL levels, although
any correlation of these levels with other SIV antigen-

challenge. Correlations of anti-SIVmac239 efficacy levels
after challenge with Vif-specific CTL levels and with
Nef-specific CTL levels were indicated. On the contrary,
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