
selective conductance—for example, in the
case of the KcsA or gramicidin channels, by
provision of multiple oriented carbonyl groups
that each carry a d2 charge, within narrow
selective regions. These can replace or compen-
sate for waters that are displaced from the first
hydration shell (32–36).

Removal of water from, and fixation of a
specific conformation of glycerol in the GlpF
channel are also energetically costly processes.
The channel achieves selectivity and conduc-
tance by provision of an amphipathic pathway
that closely matches successive CH-OH
groups. In GlpF, polar interactions are only
possible on one side of the conducting pathway,
and the hydration shell around an ion cannot be
compensated for at all on the hydrophobic side.
Consequently, all ions including OH-, or
H3O1, are excluded from the channel. By also
requiring a permeant group that is polarizable
with both d1 donor, and d2 acceptor, charac-
teristics at each position in the selectivity filter,
carbohydrates composed of CH-OH moieties
are efficiently transported. Thus, the structure
shows the precise mechanism for sharp selec-
tivity and high conductance of alditols while
excluding all charged species and water.
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With accumulating evidence indicating the importance of cytotoxic T lympho-
cytes (CTLs) in containing human immunodeficiency virus–1 (HIV-1) replication
in infected individuals, strategies are being pursued to elicit virus-specific CTLs
with prototype HIV-1 vaccines. Here, we report the protective efficacy of
vaccine-elicited immune responses against a pathogenic SHIV-89.6P challenge
in rhesus monkeys. Immune responses were elicited by DNA vaccines expressing
SIVmac239 Gag and HIV-1 89.6P Env, augmented by the administration of the
purified fusion protein IL-2/Ig, consisting of interleukin-2 (IL-2) and the Fc
portion of immunoglobulin G (IgG), or a plasmid encoding IL-2/Ig. After SHIV-
89.6P infection, sham-vaccinated monkeys developed weak CTL responses,
rapid loss of CD41 T cells, no virus-specific CD41 T cell responses, high setpoint
viral loads, significant clinical disease progression, and death in half of the
animals by day 140 after challenge. In contrast, all monkeys that received the
DNA vaccines augmented with IL-2/Ig were infected, but demonstrated potent
secondary CTL responses, stable CD41 T cell counts, preserved virus-specific
CD41 T cell responses, low to undetectable setpoint viral loads, and no evidence
of clinical disease or mortality by day 140 after challenge.

Recent studies have demonstrated the critical
role of virus-specific CD81 CTL responses
in controlling HIV-1 replication in humans
and simian immunodeficiency virus (SIV)
replication in rhesus monkeys (1–5). It is
therefore widely believed that candidate
HIV-1 vaccines should elicit potent virus-
specific CTL responses. Plasmid DNA vac-
cination is capable of eliciting both humoral
and cellular immune responses (6–8). DNA
vaccine-elicited immune responses have pro-

tected nonhuman primates against challenges
with nonpathogenic AIDS viruses (9, 10) and
have afforded a degree of protection against
pathogenic viral challenges (11, 12).

Boosting a DNA-primed immune re-
sponse with a live recombinant vector has
been shown to augment CTL responses and
confer control of nonpathogenic viral chal-
lenges (13–16). Plasmid IL-2 has also been
shown to augment DNA vaccine-elicited im-
mune responses in a variety of murine disease
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models (17–19). We extended these observa-
tions by investigating the vaccine adjuvant
properties of IL-2/Ig, a fusion protein consist-
ing of IL-2 and the Fc portion of IgG. This
fusion protein has IL-2 functional activity as
well as the advantages of divalent avidity and
a long in vivo half-life (20, 21).

We previously reported that a plasmid en-
coding murine IL-2/Ig was able to augment
CTL and antibody responses elicited by an
HIV-1 gp120 DNA vaccine in mice (22). We
have also demonstrated that administration of
human IL-2/Ig, either as a protein or a plasmid,
markedly augmented DNA vaccine-elicited
HIV-1- and SIV-specific immune responses in
rhesus monkeys (23). Here, we report that the
immunity elicited by IL-2/Ig–augmented DNA
vaccines confers control of a highly pathogenic
SHIV-89.6P viral challenge.

Vaccine-elicited immune responses.
Twenty rhesus monkeys (Macaca mulatta)
were immunized with a sham pV1R plasmid
(n 5 8), SIVmac239 Gag and HIV-1 89.6P
Env DNA vaccines alone (n 5 4), or these
DNA vaccines plus IL-2/Ig (n 5 8) (Fig. 1A)
(24). The plasmid DNA vaccines expressed
genes optimized for high-level expression
and used a cytomegalovirus promoter in a
pV1R vector backbone. The IL-2/Ig was ad-
ministered as purified human IL-2/Ig protein
in four animals or as a plasmid expressing
human IL-2/Ig in four animals. The immune
responses elicited by the initial immuniza-
tions have been described (23).

In the 15 rhesus monkeys included in this
study that expressed the major histocompati-
bility complex (MHC) class I allele Mamu-
A*01, we measured vaccine-elicited CTL re-
sponses specific for the Mamu-A*01–restrict-
ed immunodominant SIV Gag p11C (CTPY-
DINQM) and subdominant HIV-1 Env p41A
(YAPPISGQI) epitopes (25–28). After the
final immunization at week 40, the vaccinat-
ed monkeys developed significant circulating
p11C- and p41A-specific CD81 T lympho-
cytes detected by tetramer staining (Fig. 1, B
and C) (29, 30). In contrast, the control mon-
keys had no detectable circulating tetramer-
positive CD81 T lymphocytes. Moreover, as
expected, since these animals were not vac-
cinated with an SIV Pol immunogen, none of
the monkeys had detectable tetramer-positive
CD81 T lymphocytes specific for the Mamu-
A*01–restricted SIV Pol p68A epitope (STP-

PLVRLV) (31). Functional chromium release
cytotoxicity assays were also performed with
the p11C, p41A, and p68A epitope peptides and

corroborated these results (31). The monkeys
that received the DNA vaccines plus IL-2/Ig
protein or IL-2/Ig plasmid demonstrated mark-
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Fig. 1. Vaccine trial de-
sign and prechallenge
CTL responses. (A) Mon-
keys were immunized as
shown at weeks 0, 4, 8,
and 40 with the SIV-
mac239 Gag and HIV-1
Env 89.6P DNA vaccines
(24). At weeks 0 and 4,
certain monkeys also
received IL-2/Ig protein
or IL-2/Ig plasmid (ar-
rows with circles). At
weeks 8 and 40, all mon-
keys received only the
DNA vaccines (arrows
without circles). At week
46, all monkeys were
challenged with 100
MID50 SHIV-89.6P by the
intravenous route (long
arrow). Vaccine-elicited
CD81 T cell responses
specific for the Mamu-
A*01–restricted (B) SIV
Gag p11C (CTPY-
DINQM) and (C) HIV-1
Env p41A (YAPPISGQI)
epitopes were measured
in the Mamu-A*01–posi-
tive monkeys by tet-
ramer staining. Freshly
isolated PBMCs were
stained directly ex vivo
with fluorochrome-la-
beled Mamu-A*01/p11C
or Mamu-A*01/p41A tetramers as described (30). Percent CD31CD81 T cells that bound each tetramer are
shown. Means and standard errors for each group are shown.

Table 1. Analysis of CD81 T cell responses in the Mamu-A*01–positive monkeys by tetramer staining of
freshly isolated PBMCs, tetramer staining of peptide-stimulated PBMCs, and functional chromium release
cytotoxicity assays with peptide-stimulated PBMCs on day 63 after challenge (23, 30). Percent
CD31CD81 cells that bind tetramer are shown for the tetramer assays. Percent-specific lysis at a 5 :1
effector-to-target ratio are shown for the cytotoxicity assays.

Monkey

Tetramer binding
(fresh PBMCs)

Tetramer binding
(stimulated PBMCs)

Cytotoxicity assay
(stimulated PBMCs)

p11C p41A p68A p11C p41A p68A p11C p41A p68A

Controls
KPB 0.2 0 0.1 1 0 0 3 0 0
KPE 0.8 0 0.1 17 0 1 14 0 0
PKT 0.1 0.1 0 1 0 0 0 0 0
TDE 0.2 0 0 2 1 0 0 0 0

DNA vaccines alone
702 1.5 0.1 0 27 21 1 35 32 2
811 7.9 0 0 14 1 0 14 0 0
820 1.3 0 0.1 18 1 3 16 0 2

DNA 1 IL-2/Ig protein
712 2.9 0.1 0.1 72 11 4 49 8 3
772 4.4 0.3 0.1 59 28 18 49 26 11
798 3.1 0.3 0.2 63 39 19 43 20 12
839 2.2 0.3 0.1 49 10 4 39 11 2

DNA 1 IL-2/Ig plasmid
483 5.1 0.4 0.1 88 74 3 55 55 4
728 3.5 0.3 0.1 63 16 8 46 29 2
833 3.0 0.2 0.1 59 22 2 43 19 2
893 4.1 0.5 0.3 86 75 65 54 48 52
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edly augmented vaccine-elicited CTL respons-
es compared with the animals that received the
DNA vaccines alone. Because cytokines were
only administered with the week 0 and 4 im-
munizations, the persistence of these augment-
ed CTL responses through week 46 demon-
strates the durability of the enhanced CTL
priming achieved 10 months earlier. At the time
of peak immunity at week 42, the monkeys that
received the DNA vaccines plus IL-2/Ig plas-
mid had an average of 1.2% of circulating
CD31CD81 T cells specific for the p11C
epitope and 0.5% specific for the p41A epitope.
The tetramer-positive CD31CD81 T cells de-
clined thereafter and reached plateau levels of
0.5% for p11C and 0.2% for p41A by the time
of challenge. No serum SHIV-89.6P–specific

neutralizing antibodies (,1:4 titer) were de-
tected before challenge (31).

Immune responses after viral chal-
lenge. Six weeks after the final boost immu-
nization, all 20 rhesus monkeys were chal-
lenged by the intravenous route with 100
monkey infectious doses (100 MID50) of cell-
free SHIV-89.6P. This virus was derived by
in vivo passage of SHIV-89.6, a chimeric
virus consisting of the SIVmac239 backbone
and the HIV-1 89.6 envelope gene, which
was cloned from a primary patient R5/X4
dual-tropic HIV-1 isolate (32–34).

The postchallenge CTL responses specific
for the p11C (Fig. 2A), p41A (31), and p68A
(31) epitopes were determined by staining
freshly isolated peripheral blood mononucle-

ar cells (PBMCs) with tetrameric Mamu-
A*01/peptide complexes. The kinetics of the
postchallenge CTL responses involved an ini-
tial rapid expansion phase that reached a peak
at day 14 or 17 after challenge and then fell
rapidly to steady-state plateau levels. The
control monkeys developed primary p11C-
specific CTL responses after challenge,
reaching a peak of 1 to 4% of circulating
CD31CD81 T cells. In contrast, dramatic
secondary CTL responses specific for p11C,
reaching a maximum of 18 to 40% of circu-
lating CD31CD81 T cells, were observed in
all the animals that received the DNA vaccine
plus IL-2/Ig protein or IL-2/Ig plasmid. Inter-
mediate secondary p11C-specific CTL re-
sponses were observed in the animals that
received the DNA vaccines alone. Augment-
ed secondary CTL responses specific for the
p41A epitope were also detected after chal-
lenge in the vaccinated monkeys that re-
ceived IL-2/Ig, but these responses were of a
lower magnitude than those specific for p11C
(31). Prior to challenge, the p41A-specific
CTL responses elicited by DNA vaccination
were only 2.5-fold lower in magnitude than
the p11C-specific CTL responses. After chal-
lenge, however, the p41A-specific responses
were 30-fold lower, reflecting the immu-
nodominance of the p11C CTL epitope in
Mamu-A*01–positive rhesus monkeys in the
setting of SHIV infection. As expected, all
the monkeys developed weak primary CTL
responses specific for the SIV Pol p68A
epitope since none of the monkeys were vac-
cinated with an SIV Pol immunogen (31).

The virus-specific CD81 T cell respons-
es were further analyzed by interferon-g
(IFN-g) ELISPOT and intracellular IFN-g
staining assays, the results of which corre-
lated well with the results of the tetramer
staining (31). Chromium release cytotoxic-
ity assays and tetramer staining of peptide-
stimulated PBMCs (23) further corroborat-
ed the results of tetramer staining of freshly
isolated PBMCs (Table 1).

Neutralizing antibodies (NAbs) were
measured in an MT-2 cell-killing assay, using
a stock of SHIV-89.6P expanded in human
PBMCs as described (35). Detectable NAb
titers were measured in 11 of 12 vaccinated
monkeys by day 21 after challenge and in two
of eight control monkeys (780 and KPE) by
day 28 after challenge (Fig. 2B). All animals
that developed detectable NAb responses had
comparable peak titers.

Six of the eight control monkeys (all ex-
cept 780 and KPE) demonstrated a rapid and
profound depletion of their CD41 T lympho-
cytes between days 7 and 21 after challenge,
consistent with our previous experience with
SHIV-89.6P infection (Fig. 3A) (33, 34). In
contrast, all monkeys that received plasmid
DNA vaccines plus IL-2/Ig protein or IL-2/Ig
plasmid had complete preservation of their

Fig. 2. Postchallenge CTL and NAb responses. Monkeys were challenged with SHIV-89.6P by the
intravenous route on day 0. (A) In the 15 Mamu-A*01–positive monkeys, CD81 T cell responses
specific for the SIV Gag p11C epitope were determined by tetramer binding to freshly isolated
PBMCs at multiple time points after challenge (30). Percent CD31CD81 T cells that bound the
tetramer are shown. (B) In all 20 monkeys, serum antibody titers capable of neutralizing SHIV-
89.6P were determined (35).
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CD41 T lymphocytes, with no evidence of
declining CD41 T cell counts by day 126
after challenge. At day 70 after challenge, a
time by which setpoint of viral replication is
reached in SHIV-89.6P–infected rhesus mon-
keys, a highly significant difference in pe-
ripheral blood CD41 T cell counts was evi-
dent between the control monkeys and the
monkeys that received the DNA vaccines
plus IL-2/Ig protein or plasmid [P 5 0.00006,
by a two-sided Wilcoxon rank sum test (36)].
The monkeys that received the DNA vaccines
alone also had detectable CD41 T cell de-
clines, but these were less dramatic than in
the control monkeys (P 5 0.2). In these
animals, a marked but gradual CD41 T cell
decline was observed in monkey 811, and
small CD41 T cell declines were evident in
monkeys 660 and 820.

To determine whether the challenged
monkeys retained functional virus-specific
CD41 T lymphocyte activity, we studied
their peripheral blood lymphoproliferative re-
sponses after stimulation with purified SIV
Gag p28 protein (Intracel) and their CD41 T
cell IFN-g responses after stimulation with
SIV Gag and HIV-1 Env peptide pools (37).
At day 140 after challenge, all the surviving
control monkeys, including the monkeys with
preserved total CD41 T lymphocyte counts
(780 and KPE), had no detectable lympho-
proliferative responses to SIV Gag (stimula-
tion indices , 2) (Fig. 3B). In contrast, all the
monkeys that received the IL-2/Ig–augment-
ed DNA vaccines had detectable lymphopro-
liferative responses to SIV Gag, with stimu-
lation indices of 3.7 to 14.5. One of the
monkeys that received the DNA vaccines
alone (monkey 702) also had a detectable
lymphoproliferative response. The preserva-
tion of virus-specific CD41 T lymphocyte
function in the vaccinated animals was con-
firmed by intracellular IFN-g staining after
stimulation with SIV Gag or HIV-1 Env pep-
tide pools (Table 2).

Viremia and clinical disease progres-
sion. We next measured plasma viral loads in

Fig. 3. Postchallenge CD41 T lymphocyte
counts, virus-specific lymphoproliferative re-
sponses, and viral loads. (A) CD41 T lymphocyte
counts in peripheral blood were determined by
multiplying the total lymphocyte count by the
percentage of CD31CD41 lymphocytes. (B)
Lymphoproliferative responses to SIV Gag p28
protein at day 140 after challenge. Standard
overnight thymidine incorporation assays were
performed after incubation of PBMCs with anti-
gen for 5 days in culture. Stimulation indices
were calculated by: (counts per minute with
antigen)/(counts per minute with media). (C)
Plasma viral loads were determined at multiple
time points after challenge by an ultrasensitive
branched DNA amplification assay with a detec-
tion limit of 400 copies/ml (Bayer Diagnostics).
Dagger (†) represents death of the animal.
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the monkeys by an ultrasensitive branched
DNA amplification assay with a detection
limit of 400 copies/ml (Bayer Diagnostics).
The control monkeys had 1.0 3 107 to 1.8 3
108 copies/ml of virus at the time of peak
viremia on day 14 after challenge (Fig. 3C).
At day 70 after challenge, six of eight control
monkeys had high setpoint viral loads of
between 5.0 3 105 and 3.1 3 106 copies/ml.
The other two control monkeys had lower
setpoint viral loads: 4.6 3 104 copies/ml in
monkey KPE and 4.4 3 102 copies/ml in
monkey 780. In all the vaccinated monkeys,
peak viremia was between 1.2 3 106 and
1.0 3 107 copies/ml, levels significantly low-
er than in the controls [P 5 0.004 and P 5
0.008 for monkeys receiving the DNA plus
IL-2/Ig or the DNA vaccines alone, respec-
tively, by two-sided Wilcoxon rank-sum tests
(36)]. At day 70, setpoint viral loads in the
monkeys receiving the IL-2/Ig–augmented
DNA vaccines were also significantly lower
than in the controls (P 5 0.004), and a trend
toward reduction in setpoint viral loads was
evident in the animals that received the DNA
vaccines alone (P 5 0.1). At the majority of
time points after setpoint, the monkeys that
received the DNA vaccines plus IL-2/Ig plas-
mid had undetectable viremia (,400 copies/
ml), although small and transient rises in
viremia were seen in monkeys 728 and 893.
In the monkeys that received IL-2/Ig protein,
viremia was also generally controlled to un-
der 103 copies/ml. The monkeys that received
the DNA vaccines alone had a heterogeneous
outcome, with high setpoint viremia in mon-
key 811, moderate setpoint viremia in mon-

keys 660 and 820, and controlled viremia in
monkey 702.

Compared with the control monkeys, the
animals that received the DNA vaccines
alone had a 1.9 log reduction in geometric
mean viral load after setpoint. The magnitude
of this reduction is similar to that seen in
previous studies from our laboratory assess-
ing the efficacy of an SIV Gag DNA vaccine
(12) or a recombinant MVA-Gag/Pol vaccine
(38) in conjunction with SIVsm E660 challeng-
es. The monkeys that received the DNA vac-
cines plus IL-2/Ig protein or plasmid in the
present study had .2.7 and .3.0 log reduc-
tions, respectively, in geometric mean viral load
after setpoint compared with the control mon-
keys. In fact, the control of setpoint viremia
observed in the monkeys that received the DNA
vaccines plus IL-2/Ig plasmid was similar in
magnitude to the control of SHIV-89.6P set-
point viremia achieved by immunization with a
live, attenuated SIVmac239D3 vaccine (39),
although the heterologous challenge in that
study limits the comparability of results be-
tween these reports.

The pathogenicity of the SHIV-89.6P
challenge virus was confirmed by the rapid
clinical disease progression in the control
monkeys that developed low CD41 T lym-
phocyte counts and high viremia. Seven of
the eight control monkeys (all except monkey
780) developed significant clinical disease,
and four of these eight monkeys died by day
140 after challenge (Fig. 4 and Table 3). In
contrast, all monkeys that received the cyto-
kine-augmented DNA vaccines remained
healthy with no documented clinical events

or mortality. The prevention of clinical dis-
ease in the vaccinated monkeys as compared
with the controls was highly significant (P 5
0.001, by a two-sided Fisher exact test), and
a trend was observed for preventing mortality
(P 5 0.08). The monkeys that received the
DNA vaccines alone had an intermediate
clinical outcome, with monkeys 811 and 820
showing signs of clinical disease (P 5 0.24
compared with controls).

Immune correlates of protection. Scat-
ter plots of data from the Mamu-A*01–posi-
tive animals in this study (Fig. 5, A and B)
demonstrate significant correlations of pre-
challenge vaccine-elicited plateau-phase
p11C-specific CTL responses determined by
tetramer staining, with postchallenge peak
p11C-specific CTL responses (P 5 0.007, by
a two-sided Spearman rank correlation test)
and setpoint viral loads (P 5 0.04). Levels of
peak vaccine-elicited CTLs were less predic-
tive of outcome than those of plateau-phase
vaccine-elicited CTLs, the latter presumably
reflecting the memory cell population. The
asymptotic appearances of the plotted data
suggest that a level of vaccine-elicited pla-
teau-phase p11C-specific CTLs may exist
(approximately 0.3 to 0.5% of CD31CD81 T
cells) above which little additional benefit is
discernible after challenge. Similar signifi-
cant correlations were observed between pla-
teau-phase p41A-specific CTL responses be-
fore challenge and peak p41A-specific CTL
responses and setpoint viral loads after chal-

Fig. 4. Postchallenge clinical events and mor-
tality in the monkeys that received the cyto-
kine-augmented DNA vaccines, the DNA vac-
cines alone, or the sham control vaccine. (A)
Percentage of monkeys free from clinical
events directly attributable to the SHIV-89.6P
infection or the subsequent immunodeficiency.
(B) Survival curve.

Table 2. Analysis of CD41 T cell responses in the surviving monkeys by IFN-g intracellular staining assays
on day 140 after challenge (37). IFN-g–positive CD41 T cells per 106 lymphocytes as measured by
intracellular IFN-g staining and flow cytometric analysis are shown in response to media control (Mock),
SIV Gag peptide pool, HIV-1 Env peptide pool, and staphylococcal enterotoxin B (SEB). Monkeys 766 and
KPB had insufficient CD41 T lymphocytes for analysis.

Monkey
IFN-g-positive CD41 T cells per 106 lymphocytes

Mock SIV Gag HIV-1 Env SEB

Controls
766 nd nd nd nd
780 167 467 283 20,337
KPB nd nd nd nd
KPE 228 411 264 12,470

DNA vaccines alone
660 142 815 519 18,844
702 161 890 325 44,028
811 142 636 346 nd
820 340 1,121 432 11,869

DNA 1 IL-2/Ig protein
712 164 1,102 410 34,337
772 253 1,353 652 12,352
798 176 1,313 496 3,791
839 141 803 88 14,420

DNA 1 IL-2/Ig plasmid
483 94 1,250 273 26,726
728 287 692 315 9,993
833 172 1,101 358 16,003
893 218 1,540 400 37,406
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lenge (31). These results strongly suggest that
the improved outcome in animals receiving
the cytokine-augmented DNA vaccines re-
sulted from the augmented vaccine-elicited
CTL responses in these animals.

No neutralizing antibody (NAb) responses
were detected in the vaccinated monkeys
prior to challenge, and comparable peak
NAb titers developed in the vaccinated
monkeys and the two control monkeys with
preserved CD41 T lymphocyte counts. The
other six control monkeys that rapidly lost
their CD41 T lymphocytes would not be
expected to generate significant NAb re-
sponses (34 ). Whereas peak CTL responses
occurred on day 14 after challenge, coinci-
dent with the peak of primary viremia, NAb
responses were generally first detectable on
day 21 when viremia had already been
partially controlled. The initial control of
primary viremia in these monkeys therefore
appears to be primarily due to CTL activity,
as has previously been observed in HIV-
infected humans and SIV-infected monkeys
(40–42). However, NAbs may also have
played a significant role in the control of
acute or chronic viremia. In addition, it is
possible that IL-2/Ig administration may
have modulated nonspecific innate immune
functions in these animals and contributed
to the containment of virus replication.

Conclusions. In summary, after the
SHIV-89.6P challenge, 75% of control ani-
mals developed weak immune responses,
rapid and profound loss of CD41 T cells,
high viral loads, and rapid disease progres-
sion. The Mamu-A*01–positive and the
Mamu-A*01–negative control monkeys had
similar outcomes, and thus this particular
MHC class I allele conferred no particular
protective or detrimental effect. It is unclear
why monkeys 780 and KPE had more favor-

able outcomes than the other control animals.
This may reflect higher virus-specific im-
mune responses or other protective host fac-
tors in these animals. The monkeys that re-
ceived the cytokine-augmented DNA vac-
cines, in contrast, had uniformly good out-
comes with potent immune responses,
preserved CD41 T cell counts, low to unde-
tectable viral loads, and no evidence of clin-
ical disease. Moreover, these animals also
demonstrated preserved virus-specific CD41

T cell responses, which may confer long-term
clinical benefits (43). The monkeys that re-
ceived the DNA vaccines alone had interme-
diate and heterogeneous outcomes. Their
postchallenge CTL levels reflected both the
levels of prechallenge CTLs as well as the
levels of viremia driving these responses.

The administration of IL-2/Ig protein or
IL-2/Ig plasmid during initial DNA vaccine
priming led to augmented immune responses
that were capable of controlling viremia and
preventing immunodeficiency, clinical dis-
ease, and death following a homologous
pathogenic SHIV-89.6P challenge in rhesus
monkeys. These results raise the possibility
that viral replication may also be reduced in
humans who have been similarly vaccinated
and subsequently infected with HIV-1. As a
consequence, such individuals might mani-
fest decreased disease burden and HIV-1

transmission rates (44, 45). Moreover, this
strategy of augmenting vaccine-elicited im-
mune responses by cytokine administration
should be readily applicable to other vaccine
modalities and for other immunotherapeutic
purposes.
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Imaging Precessional Motion of
the Magnetization Vector

Y. Acremann,1 C. H. Back,1* M. Buess,1 O. Portmann,1

A. Vaterlaus,1 D. Pescia,1 H. Melchior2

We report on imaging of three-dimensional precessional orbits of the magne-
tization vector in a magnetic field by means of a time-resolved vectorial Kerr
experiment that measures all three components of the magnetization vector
with picosecond resolution. Images of the precessional mode taken with sub-
micrometer spatial resolution reveal that the dynamical excitation in this time
regime roughly mirrors the symmetry of the underlying equilibrium spin con-
figuration and that its propagation has a non-wavelike character. These results
should form the basis for realistic models of the magnetization dynamics in a
largely unexplored but technologically increasingly relevant time scale.

A magnetic moment placed at an angle with
respect to a magnetic field will feel a torque
that tries to align it along the direction of
the magnetic field. Because the magnetic
moment has an angular momentum, the
torque will cause the magnetic moment to
precess. This is the content of Larmor’s
theorem (1). Textbook examples of this
theorem are spin resonance phenomena (2–
4 ). Because of its picosecond time scale,
precessional motion in ferromagnetic ele-
ments attracts technological attention; for
instance, precessional magnetization rever-
sal launched by picosecond field pulses has
been suggested as a possible way of ad-

vancing the speed of magnetic recording
devices into new time scales (5).

This precessional motion has become
the target of experiments designed to detect
it directly in the time domain (6–11) and, to
date, one component of the precessing
magnetization vector has been measured
accurately with subnanosecond resolution.
However, precessional motion evolves in
the three-dimensional space defined by the
three components of the magnetization vec-
tor and is a challenge for direct experimental
detection. Yet, measuring all three components
as they evolve in time provides essential infor-
mation necessary to develop realistic models of
magnetization dynamics on a picosecond time
scale. We explored the vectorial precessional
mode launched by a picosecond field pulse in a
ferromagnet, which, because of its elementary
character, allowed us to directly compare the
analytical solution of the Larmor equation with
the experimental observations. The result is a

picture of this mode containing unprecedented
details that should form the basis for future
modeling of this phenomenon.

The sample used here is a flat, polycrys-
talline Co disk grown by electron-beam
evaporation inside a 400-nm-thick, single-
turn aluminum coil (see the optical micro-
graph in Fig. 1A). The Co disk has a diam-
eter of '6 mm and a thickness of '20 nm,
and is capped with '2 nm of Pt for corro-
sion protection, as the time-resolved exper-
iments are performed at ambient pressure.
The magnetic contrast within the Co disk
(Fig. 1B) was revealed by spin-polarized
scanning electron microscopy (SEMPA)
(12). The corresponding domain pattern
(summarized schematically in Fig. 1C)
shows four in-plane magnetized domains
arranged to form a closed magnetic flux
configuration within the Co disk, thus min-
imizing the magnetostatic energy (13). This
closed-flux configuration suggests that the
shape anisotropy is the essential mecha-
nism establishing the equilibrium spin con-
figuration of Fig. 1B. In our analysis, we
neglect other types of magnetic anisotro-
pies, such as the magneto-crystalline one.
The simplest mathematical model capturing
the symmetry of the closed-flux configura-
tion associates every point in the disk with
cylindrical coordinates (r, w, z), and as-
signs cylindrical unit vectors (eWr, eWw, eWz) to
the magnetization vector (Mr, Mw, Mz) 5
(0, M0, 0) (Fig. 1D).

Applying a sudden small magnetic field
along z provides the initial torque which will
produce a small but finite Mr. This initial
deviation leads to the motion of WM, described
by the Larmor coupled differential equations
(1) [neglecting the product of small terms (3)]
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