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Here, we show that a CD40L-adjuvanted DNA/modified vaccinia virus Ankara (MVA) simian immunodeficiency virus (SIV) vac-
cine enhances protection against a pathogenic neutralization-resistant mucosal SIV infection, improves long-term viral control,
and prevents AIDS. Analyses of serum IgG antibodies to linear peptides of SIV Env revealed a strong response to V2, with target-
ing of fewer epitopes in the immunodominant region of gp41 (gp41-ID) and the V1 region as a correlate for enhanced protec-
tion. Greater expansion of antiviral CD8 T cells in the gut correlated with long-term viral control.

We recently demonstrated that CD40L, a costimulatory
molecule for dendritic cells (DCs) and B cells, can serve

as an adjuvant for enhancing protection against mucosal chal-
lenge with a moderately neutralization-sensitive heterologous
simian immunodeficiency virus (SIV), SIVsmE660, in rhesus
macaques (1, 2). Here, we investigated the potential of CD40L
as an adjuvant to enhance protection mediated by a DNA/
modified vaccinia virus Ankara (MVA) SIV vaccine against
neutralization-resistant intrarectal SIVmac251 infection. In
the present study, we adjuvanted both DNA and MVA vac-
cines, whereas in a previous study (1) we adjuvanted only the
DNA vaccine.

Three groups (n � 10 per group) of Indian rhesus macaques
(RMs) were studied. The DM group was inoculated intramuscu-
larly at weeks 0 and 8 with 3 mg of a DNA SIV vaccine (DNA/SIV)
and boosted with 108 PFU of an MVA SIV vaccine (MVA/SIV) at
weeks 16 and 24. At the same times, the D40LM40L group was
inoculated with 3 mg of DNA/SIV plus the CD40L adjuvant
(DNA/SIV-40L) (1) and 108 PFU of MVA/SIV premixed with 106

PFU of CD40L-expressing MVA vaccine (MVA/CD40L). We
chose to use a very low dose of MVA/CD40L to prevent overacti-
vation and potential apoptosis of DCs. The DNA vaccine ex-
pressed SIVmac239 Gag, protease (PR), reverse transcriptase
(RT), envelope (Env), Tat, and Rev (3). The MVA vaccine ex-
pressed SIVmac239 Gag, PR, RT, and Env (4). The DNA/SIV-40L
(1) and MVA/CD40L vaccines (data not shown) additionally ex-
pressed a membrane-bound form of macaque CD40L. A group of
SIV-naive RMs served as controls. Four RMs in each of the vaccine
and control groups were positive for Mamu A*01 (Mamu A*01�).
One RM in each vaccine group was Mamu B*08� or B*17�. Eight
weekly moderate-dose intrarectal challenges with SIVmac251
were initiated at 22 to 24 weeks after the last immunization using
647 50% tissue culture infective doses (TCID50) (1.25 � 107 copies
of viral RNA; 2006-Day 9 stock), which infected nearly 30% of
naive RMs after the first exposure (Fig. 1A). All animals were
housed at the Yerkes National Primate Research Center according

to the standards of the U.S. National Research Council’s Guide for
the Care and Use of Laboratory Animals (5) and protocols ap-
proved by the Emory University (Atlanta, GA) Institutional
Animal Care and Use Committee under protocol number 092-
2010Y. Statistical analyses were conducted using Prism
(GraphPad Software). The Wilcoxon-Mann-Whitney U test
was used to compare immune responses and viral RNA levels
between groups. Spearman’s rank correlation method was used
for nonparametric data correlations (indicated as r values on
graphs in several of the figures). A two-sided P value of �0.05
was considered significant.

Acquisition of SIVmac251 infection was significantly slower in
the D40LM40L group than in controls, and the D40LM40L group had
an estimated per-challenge vaccine efficacy of 50% (Fig. 1A). This
delay in acquisition of infection was not evident in the DM group,
although a similar percentage (10 to 20%) of animals in both
vaccine groups remained protected after 8 challenges. Two chal-
lenges were sufficient to achieve infection of 50% of the animals in
the control and DM groups, whereas 6 challenges were needed for
infection of 50% of the animals in the CD40L-adjuvanted group
(Fig. 1A). In addition, CD40L-adjuvanted animals showed pro-
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found control of virus replication (Fig. 1B). Both vaccine groups
exhibited a 2-log-lower peak viremia than controls. However,
only the adjuvanted animals maintained this viral control long
term. At 12 weeks postinfection (p.i.), the majority of animals (7
out of 9) in the adjuvant group had controlled viremia to below
104 RNA copies/ml, whereas most DM animals (5/8) and all con-
trols (10/10) had virus loads above this level. Consistent with en-
hanced viral control, better preservation of CD4 T cells in the
rectum during peak and set point phases of infection (Fig. 1C) and
enhanced survival (Fig. 1D) were shown by the adjuvanted ani-
mals. All animals in the study were euthanized 45 to 55 weeks p.i.
At this time, none of the adjuvanted animals exhibited symptoms
of AIDS, although 38% of the DM group and 90% of controls had
to be euthanized due to AIDS. These results demonstrate that the
CD40L adjuvant not only enhanced protection against acquisition
of neutralization-resistant mucosal SIV infection but also pro-
vided better long-term control of viral replication and prevention
of disease.

The D40LM40L vaccine did not significantly enhance serum

IgG binding antibody titers (Fig. 2A), IgG avidity against
SIVmac239 Env (data not shown), or neutralizing antibody titers
against an easy-to-neutralize TCLA-SIVmac251 strain (data
not shown). Neither vaccine elicited neutralizing antibodies
against a difficult-to-neutralize SIVmac251 WY:30 isolate. It is
interesting to note that in our previous study, where we adju-
vanted only DNA vaccine with CD40L (1), we observed an
improvement in avidity, and this was not the case when we
adjuvanted both DNA and MVA vaccines. The reasons for this
difference are not clear and need further investigation. The
vaccines also did not produce significantly different anti-gp140
Env serum or rectal IgA responses (data not shown). These
were transient (rectal) or present in extremely low concentra-
tions (serum), and no associations with rate of infection acqui-
sition were found.

We then performed linear epitope-mapping studies using
overlapping peptides (15 mers overlapping by 12 amino acids) to
define regions of SIV Env targeted by IgG at 2 weeks following the
second MVA boost in each animal (Fig. 2B). In nonadjuvanted

FIG 1 CD40L-adjuvanted DNA/MVA SIVmac239 vaccine enhances protection against SIVmac251 infection. (A) Kaplan-Meier plots showing the
number of SIV challenges required for acquisition of SIVmac251 infection. The P value reflects a significantly lower hazard ratio than that for controls
when the log rank (Mantel-Cox) method was used. (B) Geometric mean values for viral RNA in plasma. Scatter plots show number of copies of viral RNA
for individual animals postinfection. (C) Change in percentage of rectal CD4 T cells from preinfection baseline levels in SIV-infected animals. The CD4
T cell level was measured as a percentage of total CD3 cells (3). Data reflect means � the standard error of the mean (SEM). Scatter plots show changes
in rectal CD4 T cell levels for individual animals postinfection. Preinfection data were not available for 4 control animals and thus were not included in
the analysis. However, we observed a profound depletion of CD4 T cells in the rectums of these 4 animals as early as 2 weeks postinfection. P values show
differences between the indicated groups. (D) Survival of animals post-SIVmac251 infection. The P values indicate a higher survival rate in adjuvanted
animals than in nonadjuvanted and unvaccinated animals as determined by the log rank (Mantel-Cox) method. Five additional unvaccinated controls
that were challenged simultaneously for a parallel study were included. The P value is 0.052 without these additional controls.
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animals, the majority of responses (by magnitude and breadth)
were targeted to V2, followed by the immunodominant region of
gp41 (gp41-ID) and V1 (Fig. 2B and C). In adjuvanted animals,
there was a relatively dominant response to V2, whereas responses
to gp41-ID and V1 targeted fewer epitopes than in nonadjuvanted
animals (Fig. 2C). In addition, animals that showed strong re-
sponses to V2 showed weak responses to gp41-ID or V1 (Fig. 2D).
Interestingly, animals with broader Env peptide binding activity
showed a faster acquisition of infection than animals with fewer
targeted peptides (Fig. 2E). More specifically, all animals had
comparable anti-V2 binding activities (Fig. 2C), but animals with
a relatively greater breadth of responses targeted to non-V2 re-
gions such as gp41-ID and V1 showed more rapid acquisition of
infection (Fig. 2E). These findings can likely be extended to IgG
levels in rectal secretions because gp140-specific prechallenge rec-
tal and serum IgG levels were highly correlated (P � 0.0001; r �
0.9) (data not shown), suggesting that the rectal IgG was derived
from serum. The results point to an important association be-
tween specificity of vaccine-induced antibody binding to regions
of SIV Env and protection against a neutralization-resistant SIV
infection.

We characterized T follicular helper (T-FH) responses and
germinal center (GC) B cell responses in nondraining lymph
nodes at 2 weeks after the second MVA boost using immuno-
histochemistry (Fig. 3A and B). Impressively, the adjuvant en-
hanced the number of B cell follicles with GCs, with a trend
toward a higher number of T-FH and proliferating GC B cells
(Fig. 3C and D). The density of T-FH and GC B cells correlated
directly with the avidity of prechallenge anti-Env antibody
(Fig. 3E), suggesting a role for these cells in promoting the
avidity of the antibody response.

The D40LM40L vaccine did not enhance the magnitude of
postvaccine SIV Gag-specific gamma interferon (IFN-�)-pro-
ducing CD8 and CD4 T cell responses in blood (data not
shown). However, postinfection expansion of SIV Gag-specific
CD8 T cell responses in rectal tissue was strongly associated
with enhanced long-term viral control (Fig. 4). For these anal-
yses, we excluded three animals (one from the DM group; two
from the D40LM40L group) that showed atypical viral kinetics
with no real peak and with marked viral control throughout
(Fig. 4D). We divided vaccinated animals into controllers and
noncontrollers based on a set point plasma viral load of 104

FIG 2 D40LM40L vaccine alters binding-antibody specificity and promotes a V2-focused IgG response. (A) Geometric mean anti-Env IgG binding antibodies in
serum after MVA boosting. Concentrations of Env-specific IgG were measured by enzyme-linked immunosorbent assay (ELISA) (1) using rgp140mac239
(Immune Technologies). Error bars represent SEM. M, MVA vaccine; dashed lines, day of MVA vaccination. (B) Serum binding IgG responses in the nonad-
juvanted (DM) and adjuvanted (D40LM40L) animals against 15-mer peptides (overlapping by 12 amino acids) specific to the V1 and V2 variable regions of gp120
and the immunodominant region of gp41 (gp41-ID) of SIVmac239. Each line represents an individual animal. Linear epitope mapping analyses were performed
as previously described (6) with modifications, including background correction and inclusion of a positivity cutoff of �500 signal intensity units. (C) Breadth
of IgG response specific to individual regions of gp160. Tukey box plots and individual animals in each vaccination group are represented. (D) Correlations
between the binding intensity of antibody to V2 peptides and the binding intensity of antibody to gp41-ID or V1 peptides at 2 weeks after the second MVA boost.
(E) Correlation between the breadth of reactivity to total Env, gp41-ID, or V1 peptides and the number of challenges required for productive infection. For
correlation tests, uninfected animals were assigned the number 8.
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copies/ml. Controllers (viral load of �104 copies/ml) exhibited
a 7-fold-greater expansion of SIV Gag-specific CD8 T cell re-
sponses in the rectum at 2 weeks p.i. than animals that showed
diminished viral control (�104 copies/ml at set point) (Fig. 4A
and B). This distinction was not obvious for CD8 T cells in
blood (Fig. 4C). The frequency of SIV Gag-specific CD8 T cells
in the rectum at 2 weeks p.i. correlated inversely with set point
viremia (Fig. 4E). Animals with greater postvaccination SIV
Gag-specific CD8 T cell responses in blood showed greater ex-
pansion of responses in the rectum at 2 weeks p.i. (Fig. 4F). In
addition, vaccine-elicited CD8 T cell responses correlated
strongly with viral control at 3 weeks p.i. (Fig. 4G). Collec-
tively, these results demonstrate a critical role for the early
expansion of vaccine-elicited rectal CD8 T cells in the long-
term control of pathogenic SIVmac251 infection.

In conclusion, our results show that adjuvanting a DNA/
MVA SIV vaccine with CD40L significantly delays acquisition
of neutralization-resistant intrarectal SIVmac251 infection,
improves long-term viral control, and prevents AIDS. Interest-
ingly, immune correlate analyses of antibody binding to linear
peptides of SIV Env revealed a strong V2 response with nar-
rower binding to the gp41-ID and V1 regions as a correlate of
enhanced protection against acquisition of mucosal SIV-

mac251 infection. Given the proximity of V1 to V2, one hy-
pothesis is that anti-V1 IgG may interfere with protective func-
tions of anti-V2 IgG (e.g., blocking interaction between the
viral envelope and CD4 receptor and clearance of infected cells
by antibody-dependent cell-mediated cytotoxicity). Another
hypothesis is that a strong V2 response with narrower binding
to non-V2 regions is a surrogate for another immune response,
not measured here, that corresponds to a vaccine-induced pro-
tective state. Together, these data raise hypotheses that need to
be tested in further studies.
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