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The quest for a prophylactic AIDS vaccine is ongoing, but it is now clear that the successful vaccine must elicit protective antibody responses.
Accordingly, intense efforts are underway to identify immunogens that elicit these responses. Regardless of the mechanism of antibody-
mediated protection, be it neutralization, Fc-mediated effector function, or both, antibody persistence and appropriate T-cell help are
significant problems confronting the development of a successful AIDS vaccine. Here, we discuss the evidence illustrating the poor persistence
of antibody responses to Env, the envelope glycoprotein of HIV-1, and the related problem of CD4+ T-cell responses that compromise vaccine
efficacy by creating excess cellular targets of HIV-1 infection. Finally, we propose solutions to both problems that are applicable to all Env-
based AIDS vaccines regardless of the mechanism of antibody-mediated protection.
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HIV vaccine development presents unprece-
dented challenges on multiple levels, a reality,
often overlooked, that cannot be overstated.
The chief challenge is that HIV is a human
retrovirus that replicates by irreversibly
inserting its genes into the host genome.
Thus, HIV infection is established perma-
nently in a matter of days or perhaps even
hours (1–6), and it cannot be cleared by pri-
mary or anamnestic responses that occur af-
ter exposure. In addition to integrating into
the host genome, a second unique challenge
is that HIV replicates in CD4+ T cells that are
key players in protective immunity not only
to HIV itself (7–9) but also to many other
pathogens (cf. ref. 10). These central features
distinguish the path to an HIV vaccine from
the traditional design principles that led to
successful vaccines against other infectious
agents. The inability of these principles to
yield an HIV vaccine became abundantly
clear in six large HIV vaccine trials, where
efficacy was not observed (11–16) (Table 1).
Strikingly, vaccination increased the risk of
infection in two of these studies that selec-
tively targeted T-cell immunity (13–15),
providing a stark contrast between the de-
velopment of conventional and HIV vac-
cines. Against this backdrop, what will it
take to develop the first protective vaccine
against a human retrovirus?
The nature of HIV infection argues

strongly that an effective vaccine must block
infection such that it never becomes estab-
lished in vaccinated individuals (i.e., steriliz-
ing protection) (17). Critically, this protection
must persist because there will not be time
for a recall response to block infection (1–6,

17). A large body of data points toward a role
for antibody responses to the HIV envelope
glycoprotein (Env) in sterilizing protection
against HIV. A beneficial role for CD8+ T
cells in blocking acquisition is less apparent,
although this possibility cannot be dismissed.
Intriguing studies suggest that CD8+ T-cell
responses elicited by a replicating viral vector
vaccine can clear a nascent simian immuno-
deficiency virus (SIV) infection in roughly
half of vaccinated nonhuman primates (18).
These responses alone did not block acquisi-
tion but could contribute to such an effect if
combined with certain humoral responses.
These responses could be neutralizing, Fc
receptor-dependent, or both. This viewpoint
is driven by several considerations: an ex-
panding body of evidence linking antibody
responses with protection (reviewed in ref.
19); increasingly detailed structural informa-
tion regarding anti-Env mAbs (cf. ref. 20);
and the modest success of the RV144 trial,
where an antibody response correlated with
reduced infection risk (21) (Table 1). Para-
doxically, this realization introduces another
major challenge: Antibody responses to
gp120-based vaccines persist poorly in hu-
mans or other mammalian species (reviewed
in ref. 22). The point is moot whether this
problem is unique to HIV gp120 or extends
to responses against other viral vaccines, as
suggested for the influenza virus hemaggluti-
nin (23); it must be solved for an effective
HIV vaccine. The importance of this issue
is immediately apparent in HIV vaccine trials
involving Env. As shown in Table 1, there
have been six HIV vaccine efficacy trials of
four vaccine concepts; only the RV144 trial

exhibited efficacy. The protection was mod-
est, with an overall of efficacy 31.2% (21) in
one of three subgroup analyses. Specifically,
this subgroup analysis was the modified
intention-to-treat analysis, which excluded
seven volunteers in the trial who were found
to have HIV infection before vaccination be-
gan (additional statistical considerations sup-
porting vaccine efficacy in the RV144 trial are
discussed in ref. 24). Protection correlated
with antibodies against the V1/V2 region of
gp120 (25), particularly those antibodies of
the IgG3 subclass that mediate potent anti-
body-dependent cellular cytotoxicity (ADCC)
(26), in addition to other aspects of anti-gp120
humoral immunity (25–29). Importantly, ef-
ficacy in the RV144 trial was temporally
dependent, peaking at ∼59.9% early in the
study and waning to background by the
end of the 3-y postvaccination follow-up,
thus producing an overall efficacy of 31.2%
(30). Why did efficacy decline in this study?
The most probable answer is that the anti-

gp120 responses linked with efficacy did not
persist, as shown by Yates et al. (26). In this
light, had the antibody titers responsible for
59.9% protection in the RV144 trial been
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maintained, the vaccine could be licensable
theoretically, at least for use in Thailand.
In this context, it should be noted that
the RV144 study population was enrolled
without regard to risk of HIV infection (i.e.,
community risk) and was composed of low-
risk (47.5%), moderate-risk (28.4%), and
high-risk (24.1%) subjects (21). By contrast,
the five ineffective trials in Table 1 recruited
high-risk study populations and the degree to
which the different study populations affected
outcomes is not known. Even with this ca-
veat, the RV144 vaccine regimen appeared to
be perfectly capable of eliciting a protective
antibody response; the problem is that the
protective antibody response did not persist.
Unless this problem is solved, no Env-based
vaccine is likely to be effective, even if it elicits
protective antibodies in the short term. Be-
low, we discuss this problem in detail and
offer potential solutions. This reality abuts
the second major issue confronting HIV
vaccine development: HIV thrives in an
activated immune system, particularly in
follicular CD4+ T cells (Tfhs) (31–33). Tfhs
are essential to help germinal center B cells
undergo somatic hypermutation and affinity
selection (34, 35). It is noteworthy that the
frequencies of total circulating “Tfh-like” cells
correlate with the production of broadly neu-
tralizing antibodies (34), which are typically
highly mutated (36).
In this light, improving the strength and

persistence of antibody responses to an HIV
vaccine can be attacked in a number of ways,
but it is difficult to avoid the prospect that
improved persistence will require significant

help by CD4+ Tfhs, which are also reservoirs
of HIV infection (31–33). Curiously, al-
though CD4+ Tfhs are infected by HIV, they
lack the principal HIV coreceptor, C-C che-
mokine receptor type 5 (CCR5), that is used
by transmitted founder viruses (37). It is
likely that they are infected at an earlier,
CCR5+, stage in Tfh development, as indi-
cated by Xu et al. (32). Recent studies imply
that Tfhs arise epigenetically from multiple
CD4+ T-cell lineages, including T helper 1
(Th1), Th2, Th17, and Th120 cells and reg-
ulatory T cells (38 and discussed in refs. 39–
41). Of these lineages, only Th17 cells are
readily infected with R5 HIV (42, 43), and
they are the major CD4+ T-cell lineage at
mucosal sites (reviewed in ref. 44). CD4+

T-cell lineage commitment is determined by
the cytokine composition of the microenvi-
ronment in which the CD4+ T cells are
primed and boosted via transcriptional regu-
lation of lineage-specific cytokine gene fami-
lies (38, 39, 45). This observation leads to the
sobering possibility that CD4+ CCR5+ T cells
(i.e., Th17 cells) responding to an HIV
vaccine designed to elicit a persistent and
protective antibody response could blunt
protection or, worse, increase susceptibility to
infection, as suggested in the adenovirus se-
rotype 5 (Ad5) vaccine trials (13–16). This
finding was presaged by an earlier study
in nonhuman primates vaccinated with an
attenuated varicella zoster vaccine (VZV)
encoding SIV gp120 (46). This vaccine in-
creased antigen-specific CD4+ T-cell re-
sponses, leading to a marked increase in
virus replication and pathogenesis compared

with controls (46). More recent studies sug-
gest that the number of CD4+ CCR5+ T cells
at the site of mucosal HIV exposure is a
key determinant of transmission. For ex-
ample, mother-to-infant SIV transmission is
attenuated in the natural SIV host, sooty
mangabeys, due to a dearth of CD4+

CCR5+ T cells in secondary lymphoid tissue
of the infants (47). By contrast, mother-to-
infant transmission of SIV occurs more
readily in rhesus macaques and correlates
with the increased frequencies and prolifer-
ative potential of these cells in secondary
lymphoid tissue of the infants (47).
The increased transmission associated with

unappreciated immune activation in Ad5-
HIV efficacy trials is abundantly apparent in
the follow-up to the HIV Vaccine Trials
Network 503 (HVTN-503; Phambili) (14, 15)
and HVTN-504 (Step) (13, 48) trials, in
which vaccinees experienced a higher and
sustained increased risk of infection com-
pared with placebo recipients (15, 48). Be-
cause the vaccines tested in these trials did
not include the HIV envelope, any impact of
T-cell activation would be relatively unbri-
dled. Based on the above observations, it is
highly likely that some aspect of immune
activation related to the use of Ad5 vectors
in the vaccine led to the increased risk of
infection. There is evidence that prevaccina-
tion anti-Ad5 titers correlated with altered
early innate responses to the vaccine (49).
Further, there is evidence that Ad5 immuni-
zation itself expands memory CD4+ T cells
with a mucosal homing phenotype and that
such CD4+ T cells are highly susceptible to
HIV infection (16, 50), which raises the pos-
sibility that vaccine-elicited CD4+ T cells pro-
vide an increased target population favoring
transmission. There was no statistically sig-
nificant increased transmission observed in
the HVTN-505 trial (16), although there
was an apparent trend toward increased ac-
quisition up to the time that the trial was
unblinded and the volunteers were informed
of their vaccination status. The absence of
increased risk could have been mitigated, in
part, by a study design that controlled for
population factors that were thought to play
a role in the two earlier trials (16). The
HVTN-505 vaccine also used Ad5 vectors
but included HIV envelope antigens in the
design and raised anti-Env humoral re-
sponses. Thus, it has been speculated that
the HVTN-505 trial represents a case where
any potential benefit from humoral responses
was countered by T-cell activation. Results
were presented in a very recent workshop
showing that the Ad5-HIV vaccine used in
the HVTN-505 trial elicited strong Ad5-spe-
cific CD4+ CCR5+ T cells in the rectal mu-
cosa, consistent with this hypothesis. The

Table 1. HIV vaccine efficacy trials

Vaccine concept Trial no. Study population Outcome Ref(s).

Clade B gp120 subunit/alum VAX 003 IVDU, Thailand, high risk No efficacy (10)
Clade B gp120 subunit/alum VAX 004 MSM, heterosexual; North

America, The Netherlands;
high risk

No efficacy (9)

Clade B, gag, pol, nef Ad5
(T-cell vaccine)

HVTN-504
(Step)

MSM; Americas, Caribbean,
Australia; high risk

No efficacy,
increased
transmission

(11)

Clade B, gag, pol, nef Ad5
(T-cell vaccine)

HVTN-503
(Phambili)

Heterosexual, South Africa,
high risk

No efficacy,
increased
transmission

(12)

Clade A/E gp120, gag, pol
Canarypox (ALVAC) prime
and three boosts; two
additional boosts with
ALVAC plus clade B/E
gp120s in alum

RV144 Heterosexual, some MSM/IVDU;
Thailand; community-based
risk; 47.5% low risk, 28.4%
moderate risk, 24.1% high risk

31.2% overall
efficacy, 59.9%
early efficacy,
waning to
background by
study end

(17)

Clade A, B, and C env plus
clade B gag, pol DNA-prime;
clade A, B, and C env plus
clade B gag, pol Ad5 boost
(antibody and T-cell vaccine)

HVTN-505 MSM, USA, high risk No efficacy (14)

IVDU, intravenous drug users; MSM, men who have sex with men.
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challenge for HIV vaccines arises from the
recognition that the problems of protective
antibody persistence and vaccine-induced ac-
tivation of CD4+ CCR5+ T cells at the site of
infection are heavily intertwined, such that it
will be difficult to attenuate one safely with-
out careful consideration of the other. The
two phenomena are almost certainly causally
related in that a vaccine should elicit suffi-
cient T-cell help to promote antibody dura-
bility without eliciting frequencies of CD4+

CCR5+ T cells that favor transmission over
protection. We will refer to these obstacles to
AIDS vaccine development collectively as the
persistence and balance problem. In the sec-
tions to follow, we will provide further evi-
dence that the problem is general for all Env-
based vaccines, discuss possible mechanisms
for the problem, and provide possible solu-
tions to overcome it that might avoid the
T-cell activation risk.

Strategies to Elicit Continuous
Protection Against HIV by Vaccination:
Repeat Boost Model
If a protective level of vaccine-elicited anti-
body can be established, repeated immuni-
zations can keep it above that level even if the
response decays rapidly. Influenza vaccina-
tion is an example of this strategy, where
antigenic drifts of circulating H3N2 and
H1N1 assortants often require formulation of
new vaccines and repeated yearly boosting
(cf. ref. 51). Although boosting is designed to
counter antigenic drift, there is also evidence
that it is required for cross-reactive pro-
tection (52). This approach requires constant
and near–real-time monitoring of circulating
viral variants and the rapid formulation and
evaluation of a new vaccine to protect against
them. In principle, this approach could also
work for an HIV vaccine, where the Vax003
and Vax004 gp120 efficacy trials (11, 12) are
examples of the repeat boost approach. Vol-
unteers in both trials were immunized seven
times at 6-mo intervals to maintain the an-
tibody responses at the highest levels possible
throughout the trial, but no protection was
observed. By contrast, modest efficacy of
31.2% was observed in the RV144 trial, where
volunteers were immunized four times (at
weeks 0, 4, 12, and 24), followed by evalua-
tion every 6 mo over a 3-y period (21). It is
important to note that vaccine efficacy was as
high as 59.9% within the first year, waning to
background over the course of the study (30).
This finding leads to the striking possibility
that if regular boosting could keep protection
at the peak, the RV144 vaccine combi-
nation would be potentially licensable.
For comparison, a recent CDC assessment
of current influenza vaccine efficacy was in
this range (53). A follow-up clinical trial,

RV305, is designed to boost responses
in RV144-uninfected vaccinees as a pre-
lude to determining if repeat boosting
maintains protective immunity over time
(clinicaltrials.gov/ct2/show/NCT01435135?
term=RV305&rank=1).
Although the repeat boost approach might

be feasible for an effective HIV vaccine, it is
more likely that the follow-up studies of this
strategy will provide proof-of-principle data
that maintenance of antibody responses at
protective levels is possible but will not result
in vaccine licensure. The logistics of this ap-
proach are likely to be prohibitory in re-
source-poor settings, where an AIDS vaccine
is most needed. This problem is due to the
need for extensive tracking of vaccinees, cold
chain problems, and the need for ongoing
surveillance for emerging variants and the
rapid modification of the vaccine to counter
them. In addition, there is evidence that
continued boosting with the gp120 vaccines
in the VAX003 trial altered the functional
properties of anti-Env antibodies over time
(54). Finally, there is the distinct possibility
that long-term repeat boosting might in-
crease the number of activated CD4+ T cells
that attenuate protection, as discussed below.

Strategies to Elicit Continuous
Protection Against HIV by Vaccination:
Long-Term Persistence Model
Aside from the influenza vaccines discussed
above, the long-term persistence of antibody
responses elicited by licensed vaccines sets
the stage for what is likely to be necessary for
an effective Env-based AIDS vaccine. Al-
though persistence of vaccine-elicited anti-
body responses has been known for many
years (discussed in refs. 55, 56), it was in-
vestigated, to our knowledge, for the first
time using modern immunological methods
in two studies of immunity to vaccinia (57,
58), where antibody responses were found to
persist for decades after immunization. This
observation was confirmed and extended in
a comprehensive analysis of antibody per-
sistence to common vaccines and infections
(55). Table 2 (modified from table 1 in ref.
56) lists the t1/2s of circulating antibody
responses to these immunogens, as well as
more estimates of antibody t1/2s to hepatitis
A (HepA) (59) and human papillomavirus
(HPV) (60–62) vaccines from more recent
cohort studies. It is apparent from Table 2
that antibody responses to the currently ap-
proved vaccines for tetanus, diphtheria, vac-
cinia, HPV, HepA, mumps, measles, and
rubella persist for many years. The least du-
rable responses are to tetanus and diphtheria,
with antibody t1/2s of 11 and 19 y, respectively.
Although these responses are quite durable,
those responses elicited by the other vaccines

and infections persist for most, if not all, of the
human life span, particularly those responses
elicited by replication-competent viral vac-
cines. Thus, long-term antibody persistence
is a common property shared among these
vaccines and viral infections. A key distinction
between the repeat boost and long-term
persistence models of vaccine development
is that the latter only requires a short im-
munization course, often only a single in-
oculation, to elicit protective immunity
that persists for decades. It is important to
consider how antibody persistence is elicited
and evaluated for the licensed vaccines listed
in Table 2.

Strategies to Elicit Continuous
Protection Against HIV by Vaccination:
Mechanism and Evaluation of Long-
Term Antibody Persistence
The stylized dynamics of persistent antibody
responses elicited by vaccination with the li-
censed vaccines in Table 2 are illustrated in
Fig. 1 (adapted from figure 3 in ref. 56).
Three distinct zones of plasma antibody
concentration are apparent after vaccination.
Zone 1 spans the initial peak of antibody
formation after vaccination, where the re-
sponse is thought to be largely due to short-
lived plasmablasts in secondary lymphoid
tissues with t1/2s measured in days (63–66).
This phase lasts from weeks to months after
immunization in humans (56) and represents
a rapid exponential expansion of antibody-
secreting, short-lived plasmablasts, a steady
state period, followed by a rapid exponential
decline (α-slope) of these cells and concom-
itant circulating antibody. Zone 2 is charac-
terized by a more relaxed decay (β-slope) of
circulating antibody that persists from 1 to
3 y in humans, depending on the immuno-
gen (56). The antibody sources during this
time are not well established, but the anti-
body is postulated to derive from short-term
plasmablasts generated from memory B cells
activated by residual antigen, as well as long-
lived plasma cells (56). As antigen decays,
the plasmablast response diminishes to

Table 2. t1/2s of antibody responses to
vaccines and selected viral infections

Vaccine/virus Antibody t1/2 life, y Ref(s).

Tetanus 11 (29, 30)
Diphtheria 19 (29, 30)
Vaccinia 92 (29–32)
HPV >40 (35–37)
HepA >40 (33, 34)
VZV 50 (29, 30)
Mumps >100 (29, 30)
Measles >100 (29, 30)
Rubella >100 (29, 30)
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background, leading to zone 3, true persistent
antibody responses mediated by long-lived
bone marrow plasma cells. There is con-
tinuing decay (γ-slope) during this period
that varies with the vaccine (Table 2); how-
ever, even the shortest antibody t1/2s are
measured in decades (i.e., tetanus, diphtheria
toxoids; Table 2). As originally discussed by
Amanna and Slifka (56), this time frame
imposes significant constraints on measuring
the true persistence of antibody responses. If
a vaccine trial is not carried into zone 3,
estimates of true persistence will be under-
estimated because there is greater decay
during zones 1 and 2 (Fig. 1). During vaccine
development, it is uncommon for trials to
extend well into zone 3, which can begin as
late as 3 y postvaccination and can persist for
many years thereafter. As will be discussed
below, this problem is a serious concern in
HIV vaccine trials. Fortunately, models have
been developed that predict long-term zone 3
decay curves based on data obtained in zones
1 and 2 and in early zone 3. Examples of the
mathematical models and their predictions
can be found elsewhere (59–61). A compar-
ative evaluation of the three most current
mathematical models for single datasets can
be found in a study by Andraud et al. (67).
The key message is that it is possible to

predict zone 3 antibody persistence, within
limits, using datasets from zones 1 and 2 and
early in zone 3, as shown in Fig. 1. Never-
theless, this prediction still requires 4 to 6 y of
data postvaccination (cf. ref. 60). Thus, there
is an acute need for mathematical methods
that enable long-term predictions based on
data obtained during late zone 1 and zone 2,
where long-lived plasma cells are clearly
moving to the bone marrow (cf. ref. 68). It is
possible that sequential sampling of antigen-
specific plasma cells in the bone marrow
during zones 1 and 2 will enable predictions
of long-term antibody production in zone 3.
Until such methods are developed, the only
way to determine antibody persistence is to
follow it into zone 3 and use the mathemat-
ical methods referred to above.
One solution to this problem is to use

animal models, but it is essential to calibrate
the timing of the three zones in Fig. 1 pro-
portionally to the maximum life span of
humans, which is 122 y (69). An excellent
example of the temporal appearance of short-
lived plasmablasts in secondary lymphoid
tissue and long-lived plasma cells in the bone
marrow can be found in a study by Taillardet
et al. (68). Although this study uses mice, we
have calculated that one mouse month is
equivalent to ∼2.6 human years [based on

a 4-y maximum life span (70)]; thus, the
relative appearances of the three phases of
circulating antibody and concomitant emer-
gence of plasmablasts and plasma cells are in
reasonable agreement between the two spe-
cies. Rhesus macaques are most often used
for HIV vaccine studies, and we have calcu-
lated that one macaque month is equivalent
to three human months [based on a maxi-
mum life span of 40 y (71)]; thus, phase 3 is
predicted to occur between 4 mo and 2 y in
this species. In this regard, it is useful to
compare time courses of antibody pro-
duction and, where possible, protection
elicited by Env-based vaccines in humans and
rhesus macaques.
An example of poor persistence of hu-

man antibody responses elicited by gp120
in potent adjuvants is provided in a study
by McCormack et al. (72). In that study,
healthy human volunteers were immunized
with gp120 formulated in alum, QS21 plus
3-deacyl-monophosporyl-lipid A, or water in
oil emulsion of QS21 plus 3-deacyl-mono-
phosporyl-lipid A. Vaccine was administered
on weeks 0, 8, and 24, and the volunteers
were followed for various anti-gp120 anti-
body responses over an 84-wk (1.6-y) period.
The data are striking in that with the excep-
tion of the gp120 binding antibody response,
all measured responses were at background
by week 84, and often by week 68, of the
study. Further, the gp120 binding antibody
responses at 84 wk were only marginally
above background in some volunteers. Thus,
only zone 1 and zone 2 antibody responses
were observed without ever entering zone 3.
This finding is a common observation in
Env-based vaccine trials. It should be noted
that the VAX003 and VAX004 gp120 efficacy
trials required repeated boosting at 6-mo
intervals to keep antibody titers in a range
where they were predicted to be protective
(11, 12, 73). The sawtooth behavior of the
antibody decay curves in a study by Gilbert
et al. (11) are reminiscent of those antibody
decay curves observed in the study by
McCormack et al. (72), where responses were
only present during zones 1 and 2, strongly
indicating a persistence problem. The best
example of this problem is the RV144 effi-
cacy trial, in which modest protection was
observed (21).
The RV144 trial used the same gp120

immunogens (AIDSVAX B/E) used in the
VAX003/VAX004 trials, with the addition
of a recombinant canarypox vector vaccine
(ALVAC-HIV [vCP1521]) encoding a mem-
brane-anchored gp120 (21). Extensive analy-
ses have been carried out seeking correlations
between immune responses and reduced
risk of infection (25, 26, 28, 29, 54, 74–76).
The strongest correlation with reduced risk of

Fig. 1. Dynamics of a persistent antibody response. The stylized dynamics of persistent antibody responses elicited
by vaccination with the licensed vaccines in Table 2 are illustrated (adapted from figure 3 in ref. 56). Three zones of
increasing antibody persistence characterized by three decay constants, α, β, and γ, are shown, along with the relative
frequencies (in arbitrary units) of the short-lived plasmablasts (PB), short-lived plasma cells (PCS), and long-lived plasma
cells (PCL) responsible for circulating antibody titers over time.
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infection was binding antibodies to the V1/
V2 region of gp120 (25, 26, 29, 76). In-
terestingly, both protection (30) and anti-V1/
V2 antibody responses (26) decline after
vaccination. This finding is shown in Fig. 2A,
where data from Yates et al. (26) and Robb
et al. (30) are replotted in a single graph.
Protection reached levels as high as ∼60%
early but declined to undetectable levels by 18
mo. Strikingly, protection and IgG anti-V1/
V2 seropositivity were at their peak around
10 mo but decayed in parallel, becoming un-
detectable at ∼20 mo and 40 mo, respectively.
IgG anti-gp120 binding titers showed a

slightly delayed decay, with ∼30% of volun-
teers remaining seropositive by the end of the
study. Fig. 2B shows the same data replotted
on a time scale of years required to determine
whether the responses entered zone 2. For
comparison, a decay curve is shown for the
anti-HPV antibody response in a study by
David et al. (60) normalized to 100 for
graphical continuity. It is apparent that both
protection and anti-V1/V2 antibody sero-
positivity decay in parallel and to background
within the first 4 y of the RV144 trial, with no
sign of antibody persistence characteristic of
zone 2 in Fig. 1. By contrast, anti-HPV
binding titers clearly enter zone 2 and are
predicted to persist for decades. The contrast
between the two vaccines is even more
striking when it is considered that the RV144
V1/V2 curve is seropositivity, whereas the
anti-HPV curve is titers, where the vast ma-
jority of vaccinees remain seropositive for
decades (60). The t1/2 estimate for the puta-
tively protective IgG anti-V1/V2 response in
the RV144 trial is estimated to be from 11.7
to 23.7 wk depending on the assay antigen
(26). This estimate stands in stark contrast to
the t1/2s of licensed vaccines listed in Table 1,
which range from nearly 10 y to more than
100 y, particularly for replication-competent
vectors and particle-based vaccines with po-
tent adjuvants (i.e., the HPV vaccine). Taken
together, these results lead to the startling
suggestion that the vaccines used in the
RV144 trial would be licensable if persistence
of the antibody response could be increased
to persistence of the antibody response
of the standard tetanus and diphtheria
vaccines.
In summary, the studies cited above show

clearly that anti-Env antibody responses do
not persist at levels typical of licensed vac-
cines designed to protect over long periods of
time. Further, none of the HIV vaccine trials
have extended well into zone 3 such that
antibody persistence could be established.
Ironically, the RV144 trial is the only trial
that approached this zone, but the pro-
tection disappeared by approximately 20 mo
and seropositivity for the IgG anti-V1/V2

correlate disappeared shortly thereafter; thus,
the relevant responses never extended into
zone 3. This persistence problem must be
solved for any Env-based vaccine to be ef-
fective, but how? There are two approaches.
The first approach is empirical, where a series
of studies are carried out screening antigen/
adjuvant combinations for eliciting persistent
protective responses. Such studies are feasible
in rhesus macaques, but it is critical that at-
tention be paid to evaluating persistence into
zone 3, which we calculate to be from 6 mo
to 2 y in that species. This approach suffers
from empiricism, and it is possible that an
effective immunogen/adjuvant combination
cannot be found. The second approach is to
define the basis for poor persistence of anti-
gp120 antibody responses and develop an
approach to solve the problem. This goal
can also be approached in rhesus macaques,
but it requires both persistent and non-
persistent responses to the same Env-based
immunogen. Fortunately, this approach
is now possible using a DNA/protein
coimmunization protocol, which elicits the

most persistent anti-gp120 antibody respon-
ses to date in rhesus macaques (77). Using
this approach, it should be possible to dissect
the important components, define the cellular
and molecular bases of their contributions to
persistence, and develop a simplified ap-
proach to improve the persistence of anti-
body responses for all Env-based vaccines.

Vaccine-Elicited CD4+ T-Cell Responses
Tip the Balance Between Infection and
Protection: Hard Lessons from Ad5-HIV
Vaccine Efficacy Trials
The failure of an Ad5-HIV “T-cell” vaccine in
the Step (13, 48) and Phambili (14, 15) trials
was a turning point in HIV vaccine de-
velopment, and not for the better. Not only
was efficacy absent but vaccinees were put at
increased risk of infection (reviewed in ref. 78).
The increased risk correlated with pre-
vaccination antibody titers to Ad5 in un-
circumcised men who have sex with men
(13–15, 48). Subsequently, the HVTN-505
trial was designed to control for these factors,
and the vaccine also included Env to enable
the production of potentially protective anti-
bodies (16). HVTN-505 failed the futility
analysis, where it was clear that efficacy was
not achieved, and the trial was unblinded
(16). There was no statistically significant ev-
idence of increased acquisition, although the
vaccines appeared to have a trend toward
increased acquisition before unblinding.
It is not clear whether there was truly no
increased risk of acquisition or whether
risk-taking behavior changed after unblind-
ing. Further studies of the volunteers should
clarify this issue.
In this regard, the Phambili trial might be

informative. It was also unblinded due to lack
of efficacy, and there was a trend toward
increased acquisition that was not statistically
significant at the time of unblinding, but the
trend became statistically significant during
follow-up studies of the volunteers (15). A
metaanalysis of the Step, Phambili, and
HVTN-505 trials clearly demonstrated that
Ad-5 immunity correlated with increased
infection, where most of the risk was afforded
by the Merck Ad-5 T-cell vaccine (78, 79).
The HVTN-505 trial ruled out preexisting
Ad5 titers and the lack of circumcision in
men who have sex with men as mitigating
factors for the lack of efficacy (16), both of
which had been offered as explanations for
the increased acquisition seen in the Step and
Phambili trials. A previous study in humans
predicted that Ad5 would elicit mucosal
homing CD4+ T cells that are highly sus-
ceptible to HIV infection (50), but this find-
ing was not observed in an initial nonhuman
primate study (80). However, a very recent
study clearly demonstrated that adenovirus

Fig. 2. Temporal decay of protection and antibody
responses in the RV144 trial on two time scales: months
(A) and years (B). In A, the decay of vaccine efficacy (black
line), anti-V1/V2 seropositivity (red line), and anti-gp120
(blue line) are depicted. The protection data are from
a study by Robb et al. (30), and the seropositivity data are
from a study by Yates et al. (26). In B, the same data are
plotted on a time scale more representative of durable
antibody responses elicited by the licensed vaccines in
Table 2. The green line represents data for the persistence
of anti-HPV antibody titers modeled by a modified power
law in a study by David et al. (60). The data in A and B
were plotted from tables in the study by Yates et al. (26)
or digitized from the original publications (23, 30, 60)
using the commercially available software DigitizeIt (www.
digitizeit.de). Accordingly, the digitized data should be
viewed as approximate, but this procedure should not affect
the conclusions drawn from their analysis in this report.
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vector immunization increases the frequen-
cies of activated CD4+ T cells in the rectal
mucosa (81). Fortunately, mucosal specimens
were collected in the HVTN-505 trial, mak-
ing it possible to evaluate CD4+ T-cell
responses in the area of transmission. Strik-
ingly, Ad-5–specific CD4+ T cells with in-
creased levels of CCR5 were present in rectal
and colonic biopsies, whereas HIV-specific
CD4+ T cells were absent, although they were
readily detected in blood (79). The selective
presence of Ad5-specific CD4+ T cells at
mucosal sites suggests that they provided a
fertile field for planting an HIV infection
in the vaccinees that attenuates protection
(if any) afforded by the vaccine. This phe-
nomenon is illustrated in Fig. S1.
Increased infection risk was not apparent

in the HVTN-505 trial, whereas it occurred
in the Step and Phambili trials. Because effi-
cacy was absent in all three studies, it is likely
that the mitigating CD4+ T-cell responses
produce a spectrum of outcomes depending
on whether potentially protective responses
are also extant at the time of exposure. The
Ad5-HIV immunogen used in the Step and
Phambili trials lacked Env, whereas that used
in the HVTN-505 trial had Env in addition
to Gag and Pol, which were present in both
vaccines. It is possible that the anti-Env an-
tibody responses blunted the increased risk of
infection but that there were still sufficient Ad-
5–specific CD4+ T cells at the sites of exposure
to attenuate an overall vaccine effect. We
make this speculation on our recent vaccine
studies in rhesus macaques (epostersonline.
com/aidsvax2013/?q=node/639 and http://
epostersonline.com/aidsvax2013/?q=node/
645&posterview=true) using a conforma-
tionally constrained gp120 subunit immu-
nogen (82, 83). Taken together, the three
ineffective Ad5-HIV trials strongly suggest
the presence of CD4+ CCR5+ T cells at the
area of transmission. This balance will be
quantitative in nature, and new models need
to be developed to measure it accurately.

Vaccine-Elicited CD4+ T-Cell Responses
Tip the Balance Between Infection and
Protection: Positive Lessons from the
RV144 Trial
Although efficacy in the R144 trial was
modest, it stands in stark contrast to the
Ad5-HIV trials, where the vaccines were not
only ineffective but at least one of them in-
creased acquisition. Against this backdrop, it
is useful to consider the nature of T-cell
immunity in the RV144 trial. As pointed out
above, the correlates analysis of the RV144
trial identified anti-V1/V2 antibody titers as
an inverse correlate with infection risk and
IgA antibodies to the C1 region of gp120
as a direct correlate of infection risk (25).

Secondary statistical analyses showed signifi-
cant interactions between IgA antibodies to
the C1 region of gp120, ADCC, neutraliza-
tion, and CD4+ T-cell responses (25). A fol-
low-up study (84) characterized the CD4+

and CD8+ T-cell responses in detail, con-
firming the original observation of modest
CD4+ T-cell responses and weak to non-
existent CD8+ T cells in the RV144 trial (25).
These responses were roughly comparable in
magnitude to those responses observed in the
Ad5 vaccine trials (84), suggesting that they
were sufficient to provide T-cell help but that
they were not sufficient to attenuate the
protection. It is possible that qualitative
differences in the CD4+ T-cell response,
such as mucosal homing, effector pheno-
type, or both, rather than magnitude de-
termine, whether the protection afforded
by antibodies is diminished or not. Thus,
comparisons of the Ad5-HIV and RV144
trials illustrate a second fundamental chal-
lenge of HIV-1 vaccine development: how
to induce CD4+ T-cell responses required
for B-cell help without creating CD4+

CCR5+ target cells sufficient to reduce the
vaccine effect. This challenge requires
careful measurement of these responses
in all future vaccine studies, where non-
human primate models will be key tools in
identifying vaccine strategies that favor
protection over infection.

Vaccine-Elicited CD4+ T-Cell Responses
Tip the Balance Between Infection and
Protection:Monkeys DoOften Tell the Truth
The lack of efficacy and increased trans-
mission in the Step and Phambili trials
sparked significant debate about the usefulness
of nonhuman primate models in HIV vaccine
development (85–93). Despite the obvious
limitations of any animal model of human
disease, nonhuman primate studies provided
at least one overlooked clue that presaged the
likelihood of increased risk in the Step and
Phambili trials. A 2004 study reported in-
creased SIV replication and progression to
AIDS in rhesus macaques that had been im-
munized with a VZV-SIV-Env immunogen
designed to prime CD4+ T-cell responses (46).
This study was the first unambiguous dem-
onstration, to our knowledge, that an AIDS
vaccine elicits CD4+ T-cell responses that in-
crease viral replication and pathogenesis. By
contrast, nonhuman primate studies using
DNA/Ad5-SIV immunogens carried out be-
fore and during the Step and Phambili trials
showed postinfection control and no evidence
of increased viral replication or pathogenesis
(94–96), leading to doubts about using non-
human primates for AIDS vaccine research.
However, post hoc studies in nonhuman pri-
mates designed to model preexisting Ad5

immunity recapitulated the Step and Phambili
trial results (97). Thus, nonhuman primate
studies clearly show the possibility that vacci-
nation can increase infection (46, 97, 98). The
fact that the signal was missed in the non-
human primate studies supporting the Step
and Phambili trials (94, 95, 99) was more in-
dicative of a problem with the study design
than with the animal model itself because
those studies did not take into account the
possibility that preexisting Ad5 immunity
could increase infection. When it was taken
into account, the nonhuman primate model
recapitulated the Step and Phambili trials.
There is another setting where the design

of nonhuman primate studies overlooks
the problem of concomitant CD4+ T-cell
responses and protection. Passive immuni-
zation studies using neutralizing mAbs in
nonhuman primates have established un-
equivocally that antibodies can block infection
with simian human immunodeficiency viru-
ses (SHIVs) (100–103). Surprisingly, aside
from homologous challenges where Env vac-
cines and SHIV Env proteins are matched
(104, 105), it has been difficult to correlate
comparable vaccine-elicited neutralizing anti-
body titers with protection against SHIV
where the Env protein is heterologous to the
vaccine (82, 106). The principal difference
between the two approaches is that passive
immunization is carried out against a “clean”
background, devoid of ongoing host respon-
ses elicited by vaccination. Based on the
considerations above, passive immunization
might significantly overestimate the potency
of a comparable vaccine-elicited antibody to
protect. This potential complication will be
an important consideration for future active
and passive immunization studies.
In summary, the evidence is clear that

vaccine-elicited CD4+ T-cell responses
are a double-edged sword. On one hand,
they are intimately associated with pro-
tection through the provision of T-cell help
for antibody production (34) and possibly
direct cytolytic activity (9, 25, 107–109).
On the other hand, as predicted by Stap-
rans et al. (46) and confirmed elsewhere
(97, 98) in nonhuman primate studies,
they can attenuate protection and lead to
increased acquisition. The problem is
now in focus, but its solution is intimately
connected with the solution of antibody
persistence.

Approach to Solving the Antibody
Persistence and T-Cell Balance Problems
for HIV Vaccine Design
As detailed above, manipulating the replica-
tive environment (i.e., the innate and adap-
tive immune systems) of HIV for the purpose
of preventing infection is a tricky business.
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Approaches that are intuitively rational based
on other viral systems might produce more
harm than good for an HIV vaccine, as
evinced by the Ad5-HIV T-cell vaccine trials
(13–15). Fortunately, recent data from hu-
man clinical trials and experimental vaccine
models highlight the problem and provide
insights for moving forward.
Although most HIV vaccine studies in

nonhuman primates or humans have ex-
amined both humoral and T-cell responses
in a search for efficacy, each study empha-
sized the major response that the vaccines
were designed to elicit in the hope that
a single correlate of protection emerges. For
example, the Ad5-HIV T-cell vaccine trials
focused largely on CD8+ T-cell response as
a potential correlate of protection. Based on
the studies cited above, we advocate an al-
ternative analytical approach that system-
atically identifies multiple variables that
interact for an optimal window of protective
immunity against HIV. The RV144 corre-
late studies approached this strategy, albeit
in a post hoc, empirical fashion (25–30, 54,
76). The emergence of high ADCC titers in
low to intermediate anti-C1 IgA responders
as a correlate of decreased infection risk is
one such example (25). Similarly, post hoc
analyses of SHIV/SIV challenge studies
using our conformationally constrained
gp120 vaccine (82, 83) in nonhuman pri-
mates revealed that humoral responses
being equal, protection from acquisition
was lowest or abrogated in rhesus ma-
caques with the highest vaccine-elicited
anti-Env T-cell responses (epostersonline.
com/aidsvax2013/?q=node/639 and http://
epostersonline.com/aidsvax2013/?q=node/
645&posterview=true). Thus, both the
RV144 trial and nonhuman primate pro-
tection studies suggest that multiple variables
interact to create a window of protection. As
noted above for nonhuman primate challenge
studies and shown clearly in the RV144 trial,
not only the magnitude of protection but also
its durability is an issue (26, 30). Based on
these considerations, future efficacy studies of
Env-based HIV vaccines must consider, a
priori, the prospect that antibody persistence at
protective levels and potential attenuation of
CD4+ T-cell responses are major hurdles to
developing a vaccine that protects subjects at
risk for HIV exposure.
This consideration tempers standard

approaches used previously to develop suc-
cessful vaccines against other viral pathogens.
For example, a conventional (and viable)
approach might be to perform small phase I
trials to screen immunogen/adjuvant combi-
nations that increase antibody persistence.
Without concomitant nonhuman primate
challenge studies, this approach leaves “blind”

the issue of whether an immunogen/adjuvant
combination increases the CD4+ T-cell re-
sponse to levels such that it abrogates pro-
tection or actually increases acquisition. At
the moment in nonhuman primates and
humans, we have no surrogate markers for
antibody persistence and, as indicated above,
we also lack a mathematically precise defini-
tion of antibody persistence. This deficit is
a major issue because there is no general
agreement on the length of an HIV vaccine
trial required to determine antibody persis-
tence. In addition, we do not know the ori-
gins or detailed phenotypes of vaccine-
elicited CD4+ T cells that attenuate pro-
tection, save for the strong likelihood that
their phenotype will include CD4+ CCR5+ T
cells (78, 79). With these two issues in mind,
what, then, is a workable path forward?
In our view, the solution to the problem

of durable protection against HIV by a vac-
cine lies in a detailed understanding of the
immunological basis of poor anti-Env an-
tibody persistence, regardless of whether it
is unique to HIV, and how it couples with
the nature of CD4+ T-cell subsets that favor
HIV replication while providing the requi-
site help for protective antibody production.

Fortunately, the tools are in hand such that
each problem can be studied independently in
nonhuman primates and the mechanistic in-
formation translated into the design of small
phase 1b trials to determine whether an
immunogen/adjuvant combination elicits
responses that should provide a durable
window of protection in phase 2b/phase 3
efficacy trials. In all instances, in addition to
having a vaccine in hand that elicits the de-
sired antibody responses, the issues of anti-
body persistence and T-cell balance must be
considered as essential variables in trial design
to maximize the likelihood that a vaccine
candidate elicits broad, durable protection
against HIV.
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