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ABSTRACT The RV144 human immunodeficiency virus type 1 (HIV-1) vaccine
trial showed a strong association between anti-gp70 V1V2 scaffold (V1V2) and
anti-V2 hot spot peptide (V2 HS) antibody responses and reduced risk of HIV in-
fection. Accordingly, a primary goal for HIV vaccines is to enhance the magni-
tude and breadth of V1V2 and V2 HS antibody responses in addition to neutral-
izing antibodies. Here, we tested the immunogenicity and efficacy of HIV-1
C.1086 gp140 boosts administered sequentially after priming with CD40L-adjuvanted
DNA/simian-human immunodeficiency virus (SHIV) and boosting with modified vaccinia
virus Ankara (MVA)-SHIV vaccines in rhesus macaques. The DNA/MVA vaccination in-
duced robust vaccine-specific CD4 and CD8 T cell responses with a polyfunctional pro-
file. Two gp140 booster immunizations induced very high levels (�2 mg/ml) of gp140
binding antibodies in serum, with strong reactivity directed against the homologous
(C.1086) V1V2, V2 HS, V3, and gp41 immunodominant (ID) proteins. However, the
vaccine-induced antibody showed 10-fold (peak) and 32-fold (prechallenge) weaker
binding to the challenge virus (SHIV1157ipd3N4) V1V2 and failed to bind to the chal-
lenge virus V2 HS due to a single amino acid change. Point mutations in the immuno-
gen V2 HS to match the V2 HS in the challenge virus significantly diminished the bind-
ing of vaccine-elicited antibodies to membrane-anchored gp160. Both vaccines failed to
protect from infection following repeated SHIV1157ipd3N4 intrarectal challenges. How-
ever, only the protein-boosted animals showed enhanced viral control. These results
demonstrate that C.1086 gp140 protein immunizations administered following DNA/
MVA vaccination do not significantly boost heterologous V1V2 and V2 HS responses and
fail to enhance protection against heterologous SHIV challenge.

IMPORTANCE HIV, the virus that causes AIDS, is responsible for millions of infec-
tions and deaths annually. Despite intense research for the past 25 years, there re-
mains no safe and effective vaccine available. The significance of this work is in
identifying the pros and cons of adding a protein boost to an already well-
established DNA/MVA HIV vaccine that is currently being tested in the clinic. Charac-
terizing the effects of the protein boost can allow researchers going forward to de-
sign vaccines that generate responses that will be more effective against HIV. Our
results in rhesus macaques show that boosting with a specific HIV envelope protein
does not significantly boost antibody responses that were identified as immune cor-
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relates of protection in a moderately successful RV144 HIV vaccine trial in humans
and highlight the need for the development of improved HIV envelope immuno-
gens.

KEYWORDS DNA/MVA, SHIV challenge, V1V2, V2 HS, gp140 protein, human
immunodeficiency virus

Human immunodeficiency virus (HIV) infects nearly 2 million individuals annually
worldwide. Despite vigorous efforts, there remains no effective vaccine or func-

tional cure (1). Developing a safe and effective vaccine that can prevent HIV transmis-
sion remains a high priority to curtail the AIDS epidemic. Of the limited vaccine trials
that have been tested for efficacy in humans, the RV144 trial is the only trial that
showed a low but significant impact on reducing HIV transmission. At the conclusion
of the 3-year trial, the vaccine efficacy was 31.2% (2). Importantly, the RV144 trial
identified multiple correlates for reduced risk of infection (3–6). These include higher
binding titers to an HIV envelope (Env) V1V2 scaffolded protein and antibody (Ab)-
dependent cellular cytotoxicity (ADCC) activity (3, 4). Further analyses of responses
from vaccine participants revealed a correlation between V2 loop responses and
reduced risk of infection (5). Within the V2 loop, there lies a relatively conserved linear
region directly preceding the �4�7 binding site, known as the V2 hot spot (V2 HS).
Binding titers against this relatively conserved region within the V2 loop also correlated
with reduced risk of infection in vaccine participants (7). Consistent with RV144 results,
multiple studies in nonhuman primates (NHPs) showed a strong association between
anti-V2 antibody responses and protection (8–11). Accordingly, a major focus of HIV
vaccine development is to generate strong and broad anti-V1V2 responses, including
those against the V2 HS, and to understand the mechanisms of protection mediated by
these antibodies.

The DNA prime and modified vaccinia virus Ankara (MVA) boost approach has been
shown to induce a strong T cell and antibody response against simian immunodefi-
ciency virus (SIV) and HIV in NHPs (12–21), and DNA/MVA HIV-1 vaccines have been
shown to be safe and highly immunogenic in people (22–33). Our previous studies
using DNA/MVA SIVmac239 immunogens showed a significant delay in the acquisition
of intrarectal (i.r.) SIVsmE660 infection in rhesus macaques (RMs) (15, 16, 34). We also
showed that adjuvanting the DNA/MVA SIVmac239 vaccine with membrane-anchored
CD40L further enhanced protection against both SIVsmE660 and SIVmac251 challenges
(16, 17). In all of these studies, we observed multiple correlates for a delay in the
acquisition of SIV infection, which included mucosal IgG in rectal secretions prechal-
lenge, the avidity of gp160 binding antibody in serum, and antibody effector functions
such as antibody-dependent cellular viral inhibition (ADCVI). These DNA/MVA SIV
vaccines also induced a strong anti-V2 response (8, 17). Although our SIVmac239-based
vaccines induced neutralizing antibodies against SIVsmE660 challenge infection, these
responses did not correlate with protection (34–36), suggesting that antibody effector
functions significantly contributed to vaccine protection.

Given these highly encouraging results, it is important to further enhance the
protection afforded by the DNA/MVA vaccines. In this regard, the addition of Env
protein boosts is an excellent choice, as proteins are ideal for inducing strong antibody
responses. Thus, it is important to test if the addition of protein boosts to the DNA/MVA
vaccine can further boost the protective antibody responses and enhance protection.
However, the choice of the protein (gp120 versus gp140), the nature of the adjuvant,
and the timing of protein administration with respect to MVA boosts (simultaneous
versus sequential) can significantly influence the magnitude, specificity, and quality of
the antibody response and, thereby, protection. A recent DNA/MVA HIV-1 clade B
vaccine study in macaques tested the influence of gp120 protein in alum delivered
simultaneously with MVA boosts (37). The gp120 protein enhanced binding antibody
titers by 10-fold, but it failed to boost the anti-V1V2 response. However, the immuno-
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genicity and efficacy of sequential HIV Env protein boosts following DNA/MVA vacci-
nation have not yet been tested in macaques.

In this study, we developed and tested clade C C.1086 Env-based DNA and MVA
immunogens that express simian-human immunodeficiency virus (SHIV) virus-like par-
ticles (VLPs) (SIVmac239 Gag core with HIV Env VLPs) displaying trimeric C.1086 Env on
the membrane. We focused on clade C because HIV infections by these strains are most
prevalent worldwide. We chose the C.1086 strain because it was down-selected from a
series of clade C Envs by Duke CHAVI based on antigenicity and stability, and C.1086
gp120 protein is being used in the HVTN702 large-scale efficacy trial in South Africa. We
adjuvanted the DNA vaccine with membrane-anchored macaque CD40L due to our
previous success with this adjuvant (16, 17). Using these immunogens, we compared
the immunogenicities and efficacies of sequential C.1086 gp140 boosts following
DNA/MVA vaccination. Our results demonstrate that the addition of sequential gp140
protein boosts in Adjuplex adjuvant to the DNA/MVA SHIV vaccine induces a robust
binding response to gp140 protein but fails to protect against pathogenic intrarectal
SHIV challenge. The majority of the antibodies generated by the Env protein boosts
were directed against the V1V2, V2 HS, V3, and gp41 immunodominant (ID) regions.
However, these antibodies were poorly cross-reactive with the challenge virus V1V2
and V2 HS. Point mutations in the V2 HS of the immunogen to match the V2 HS in the
challenge virus abrogated the binding of vaccine-elicited sera to membrane-anchored
HIV Env.

RESULTS
DNA and MVA SHIV VLP immunogens. The DNA/SHIV-C.1086-2A-CD40L immuno-

gen expressed SIVmac239 Gag, protease (Prt), and reverse transcriptase (RT); HIV C.1086
Env, Tat, and Rev; and rhesus macaque CD40L linked via an F2A peptide from foot-
and-mouth disease virus (38). The F2A peptide was chosen over the traditional internal
ribosomal entry site (IRES) method due to the enhanced coexpression of CD40L and HIV
Env proteins in preliminary studies (Fig. 1A and data not shown). By Western blot
analysis, Gag pr55, Env gp120 and gp160, and CD40L could be detected at the correct
sizes in both the cell lysate and supernatant at 48 h posttransfection in 293T cells (Fig.
1B). Coexpression of Env gp160 and CD40L was detectable on the surface of transfected
293T cells, and SIV Gag was detectable by intracellular staining at 48 h posttransfection
(Fig. 1C). The Env expressed on DNA transfected bound strongly to multiple broadly
neutralizing antibodies (bnAbs), including antibodies that primarily recognize the
trimeric form of Env, such as PG16 and PGT145, and bound weakly to nonneutralizing
antibodies (nnAbs), suggesting that a significant fraction of Env on the surface exists as
a trimer (Fig. 1D). Electron microcopy revealed the formation of SHIV VLPs budding off
the surface of transfected 293T cells, and gold labeling using anti-CD40L antibody
detected CD40L protein expression on the surface of budding VLPs from DNA-
transfected cells (Fig. 1E). Similarly, MVA/SHIVC.1086 also expressed SIVmac239 Gag,
Prt, and RT and HIV C.1086 Env gp150 and produced VLPs (Fig. 1F to J). The MVA-
infected cells showed strong binding to both bnAbs and nnAbs, suggesting that the
gp150 form of C.1086 Env may expose some of the nonneutralizing epitopes (Fig. 1I).
The gp140 protein predominantly existed in monomeric and dimeric forms, with a
small portion forming trimers (Fig. 1K).

DNA immunization induces strong activation of dendritic cells and monocytes
in blood. Young adult male (n � 20) and female (n � 10) RMs were vaccinated intra-
muscularly (i.m.) in the upper thigh at weeks 0 and 8 with 3 mg of DNA/SHIV-C.1086-
CD40L (here referred to as SHIV-rhCD40L DNA) and at weeks 16 and 24 with 108 PFU
of MVA/SHIV-C.1086 (referred to as SHIV-MVA). At this point, the RMs were divided into
two groups. One group (DDMMM; 10 males and 5 females) received a third i.m. MVA
immunization at week 38, and the second group (DDMMPP; 10 males and 5 females)
received two subcutaneous protein immunizations adjuvanted with Adjuplex at weeks
32 and 38 (Fig. 2A). As mentioned above, rhesus macaque CD40L was included in the
DNA construct to serve as a built-in vaccine adjuvant. In assessing the adjuvant
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properties of CD40L, the expression of CD80, CD86, and CCR7 was monitored on
plasmacytoid dendritic cells (pDCs) (lineage CD14� CD16� HLR-DR� CD123�), BDCA-1� DCs
(lineage CD14� CD16� HLR-DR� BDCA-1�), monocytes, and neutrophils (more gran-
ular cells and CD66� cells) in blood on days 0, 2, 4, and 14 after the 2nd DNA
vaccination. Monocytes were categorized as classical monocytes (CD14� CD16�),
inflammatory monocytes (CD14� CD16�), and patrolling monocytes (CD14� CD16�)
(Fig. 2B). The fluorescence-minus-one (FMO) controls were used for all activation
markers at all time points to accurately assess expression levels of all cellular subsets
(Fig. 2C). DNA immunization induced strong activation of all innate subsets analyzed
based on the expression of either CD80, CD86, or CCR7 (Fig. 2D). CD80 expression
peaked on day 4 for all monocytes, DCs, and neutrophils sampled except for BDCA-1�

DCs and returned to levels near or below baseline levels by day 14. Expression was
mostly observed for BDCA-1� and BDCA-1� DCs and classical monocytes on day 2,
while expression peaked at day 2 and remained elevated at day 4 for inflammatory
monocytes (Fig. 2D). CD86 expression was also marginally increased on neutrophils on

FIG 1 Characterization of DNA and MVA immunogens. (A) Schematic of C.1086 SHIV DNA. (B) Western blot analysis of the SHIV DNA-CD40L construct expressing
SIV Gag, SIV CD40L, and HIV C.1086 Env proteins. Sup, supernatant. (C) Flow cytometry displaying surface coexpression of HIV Env and SIV CD40L on SIV
Gag-positive transfected 293T cells. (D) Binding of mAb to C.1086-transfected cells. �ve, positive. (E) Electron microcopy images of SHIV DNA-CD40L VLPs
budding from the surface of transfected 293T cells. (F) Schematic of C.1086 SHIV MVA constructs. (G) Western blot analysis of the SHIV MVA construct expressing
SIV Gag and HIV C.1086 Env proteins. (H) Flow cytometry of Gag-positive cells expressing HIV Env on infected DF1 cells. (I) Binding of mAbs to SHIV MVA-infected
cells. (J) Electron microcopy images of MVA-infected DF1 cells expressing SHIV MVA VLPs and MVA particles. (K) Coomassie gels of C.1086 gp140 protein
postpurification. CMVIE, cytomegalovirus immediate early promoter.
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day 2 and day 4 (Fig. 2D). Similarly, CCR7 expression also peaked on day 2 for most of
the cellular subsets studied and dropped below baseline levels by day 4. However, by
day 14, the expression of CCR7 returned to baseline levels in all subsets monitored. On
day 2 postimmunization, the CCR7 expression level was significantly higher on
BDCA-1� and classical monocytes (Fig. 2D). Taken together, these data show that DNA
immunization induced high levels of activated DCs, monocyte subsets, and neutrophils
with the potential to migrate to lymphoid tissue. However, it is important to note that
the contribution of the CD40L adjuvant to this innate activation could not be deter-
mined due to the lack of data from an unadjuvanted DNA vaccine group.

gp140 protein booster immunizations induce robust homologous Env-specific
IgG and IgA binding antibodies and V1V2 antibodies in serum and rectal secre-
tions. Consistent with our previous studies (16, 17, 39), DNA immunizations did not
elicit detectable levels of gp140-specific antibodies in serum. However, the subsequent
two MVA immunizations boosted the HIV Env C.1086 gp140-specific IgG response to
about 85 �g/ml in both vaccine groups (Fig. 3A). Impressively, in the DDMMPP group,
the 1st gp140 protein immunization on week 32 boosted the response nearly 10-fold,
reaching a geometric mean titer of 761 �g/ml at week 34, and the 2nd protein
immunization on week 38 further boosted these titers by about 2.5-fold to a geometric

FIG 2 DNA/SHIV-CD40L immunizations activate DC and monocyte subsets. (A) Experimental design of the monkey study. (B) Gating strategy for monocyte
subsets, DC subsets, and neutrophils. FSC, forward scatter. (C) Fluorescence-minus-one (FMO) gating strategy for CD80, CD86, and CCR7. (D) Expression of CD80,
CD86, and CCR7 by DCs, neutrophils, and monocyte subsets at days 0, 2, 4, and 14 postimmunization in six immunized RMs (*, P � 0.05; **, P � 0.01; ***,
P � 0.001; ****, P � 0.0001).
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mean titer of 1,908 �g/ml on week 40. In the DDMMM group, the 3rd MVA vaccination
on week 38 only marginally boosted the peak antibody response to a titer of 169 �g/ml
on week 40. Compared to the DDMMM group, the addition of gp140 protein immu-
nization was observed in the DDMMPP group to increase the gp140-specific antibody
titers by 11-fold (P � 0.0001) at the peak and 17-fold (P � 0.0001) at the prechallenge
time point (Fig. 3A). Similarly, DDMMPP-immunized RMs had 15-fold-higher gp140-
specific IgA responses in serum than those of DDMMM-immunized RMs (P � 0.0001)
(Fig. 3B). The higher-magnitude serum IgG and IgA responses in the DDMMPP group
were associated with 10- to 50-fold-higher IgG and IgA plasmablast responses in blood
5 days after the final boost (Fig. 3C) and plasma cells in bone marrow 6 weeks after the
final boost (Fig. 3D).

gp140 protein booster immunizations also boosted HIV gp140-specific antibody
responses in the rectum, the route of infection for this vaccine study (Fig. 3E). In the
DDMMPP group, titers of gp140-specific IgG antibodies in rectal secretions were 13-fold
higher at the peak (week 40) and 19-fold higher at the prechallenge time point (Fig. 3E).
A similar increase was also observed for the rectal IgA level, which was 60-fold higher
at the peak and 12-fold higher at the prechallenge time point (Fig. 3E). These increases
mirrored those in serum, suggesting that the majority of the IgA, as well as the IgG, in
rectal secretions may have been derived from serum. Taken together, these data
demonstrate that successive gp140 protein immunizations following DNA/MVA vacci-

FIG 3 Humoral immunity following immunization. (A) Kinetics of serum HIV Env gp140 binding Ab titers in DDMMM- and DDMMPP-vaccinated RMs. Data shown
are geometric means for the group. Data for individual animals for the peak (week 40) and prechallenge (week 54) time points are shown on the right. (B to
E) C.1086 gp140-specific IgA in serum, IgG and IgA plasmablast responses in blood, IgG and IgA plasma cells in bone marrow, and IgG and IgA in rectal
secretions at the indicated time points. ASC, antigen-secreting cells. (F) Specificity of serum binding antibody to 1086c immunogen-derived gp70-V1V2 scaffold,
V3, gp41 ID, and C1 peptides. Numbers in parentheses indicate fold differences between DDMMM and DDMMPP vaccine groups. (G) C.1086 V1V2-specific
response in rectal secretions at the peak. (H) Neutralizing antibody titers against tier 1A and 1B clade C viruses. ID50, 50% infective dose; ***, P � 0.001; ****,
P � 0.0001.
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nation resulted in a strong boosting of gp140-specific IgG and IgA responses in serum,
rectal secretions, and plasma cells in the bone marrow.

We next determined the specificity of these antibodies by measuring reactivity to
specific regions of C.1086 Env. DDMMM vaccination induced antibody response against
homologous gp70-V1V2, V3, gp41 ID, and constant 1 domain (C1) proteins, with a
dominant response to V1V2 (Fig. 3F). DDMMPP animals showed 10- to 25-fold-higher
levels of anti-gp70 V1V2-, anti-V3-, anti-gp41 ID-, and anti-C1-specific IgG responses and
maintained the same V1V2 dominance (Fig. 3F). Similarly, protein boosting resulted in
significantly (P � 0.0003) higher titers of C.1086 V1V2-specific antibodies in rectal
secretions (Fig. 3G), which correlated with V1V2 responses in serum (data not shown).
With respect to neutralization potential, protein boosts induced higher titers of neu-
tralizing antibodies against MW965.26 (tier 1A; 32-fold), 6644.v2.c33 (tier 1B; 4-fold), and
SHIV1157ipEL-p (the tier 1 counterpart to the challenge virus SHIV1157ipd3N4; 4-fold)
(Fig. 3H). However, both vaccine regimens failed to generate any neutralizing activity
against tier 2 viruses, including the autologous virus C.1086 and challenge virus
1157ipd3N4 (data not shown).

gp140 protein boosts induce strong Env-specific CD4 but not CD8 T cells and
skew the T cell response toward a higher vaccine-specific CD4-to-CD8 T cell ratio.
We next assessed the effect of gp140 protein immunization on the CD4 and CD8 T cell
responses. Following the first protein boost, the total SHIV (Gag plus Env)-specific CD4
T cell response was recalled at levels similar to those observed at week 1 after the first
MVA immunization. The second protein immunization did not further boost the total
SHIV-specific interferon gamma-positive (IFN-��) CD4 T cell response. However, com-
pared to the third MVA immunization in the DDMMM group, the protein-boosted
animals showed significantly higher (P � 0.001) SHIV-specific IFN-�� CD4 T cell re-
sponses by more than 3-fold at the peak (week 1) and 2-fold at the prechallenge time
point (Fig. 4A and B). This was also true for SHIV-specific interleukin 21-positive (IL-21�)
and IL-4� CD4 T cell responses at the peak (P � 0.02 and 0.001, respectively) (Fig. 4C
and D). In addition, there was a difference in the relative proportions of Gag- and
Env-specific CD4 T cells between groups. The IFN-�, IL-21, and IL-4 CD4 T cell responses
in the DDMMM group were more evenly distributed between the SIV Gag and HIV Env
proteins, while the DDMMPP response was predominantly directed against the Env1
peptide pool (first 435 amino acids in gp120) of the HIV Env protein (Fig. 4B to D).

While protein immunizations induced higher CD4 T cell responses at the peak,
consecutive MVA immunizations led to 2-fold-higher peak SHIV-specific CD8 T cell
responses, although these differences did not persist to the prechallenge time point
(Fig. 4E and F). DDMMM immunization also induced higher total SHIV-specific IL-21�

and CD107a� CD8 T cell responses at the peak (P � 0.02 and 0.007) than in DDMMPP-
immunized RMs (Fig. 4G and H). As observed for CD4 T cell responses, DDMMM
immunization elicited an evenly distributed SIV Gag and HIV Env (predominantly to the
Env2 peptide pool) IFN-� CD8 T cell response, but the distribution shifted toward Env
for IL-21� and CD107a� responses (Fig. 4G and H). In contrast to the CD4 T cell
responses in DDMMPP animals, CD8 T cells exhibited a more balanced SHIV-specific
IFN-�� and CD107a� response (Fig. 4F and H), but IL-21� CD8 T cells were skewed
toward HIV Env (Fig. 4G). Taken together, these data illustrate that incorporation of
gp140 into the vaccine regimen shifted the CD4 and CD8 T cell responses toward the
HIV Env protein and diminished the SIV Gag response.

gp140 protein boost elicits a polyfunctional Env-specific CD4 T cell response in
blood. To get a better understanding of the cytokine profile of the CD4 and CD8 T cell
responses post-DDMMM and -DDMMPP immunization following the final immuniza-
tion, we determined cytokine coexpression profiles using Boolean gating (Fig. 5). We
focused our analyses on Env-specific CD4 and CD8 T cells since this was the common
immunogen in both vaccine groups at this time point. In addition, we used Env1-
specific CD4 T cells and Env2-specific CD8 T cells since they showed the strongest
immune responses. In the DDMMPP group, the Env1-specific CD4 T cells were distrib-
uted across 5�, 4�, 3�, 2�, and 1� cytokines/functions relatively equally. These
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responses were significantly greater in the DDMMPP group than in the DDMMM group
for all major subsets (Fig. 5A). The Env2-specific CD8 T cells mostly consisted of 4�, 3�,
and 2� cytokines/functions, and some of the responses were higher in the DDMMM
group than in the DDMMPP group. The 5� cells were a minority and were mostly
present in the DDMMM group (Fig. 5B). Taken together, these data demonstrate that a
gp140 protein boost generates polyfunctional SHIV-specific CD4 T cells capable of
providing CD4 help to antigen-specific CD8 T cells and B cells.

Both the DDMMM and DDMMPP vaccines fail to prevent intrarectal heterolo-
gous SHIV1157ipd3N4 infection; however, protein-boosted RMs show enhanced
viral control. In order to determine the efficacy of the DDMMM and DDMMPP vaccine
regimens, RMs were challenged intrarectally (i.r.) weekly with SHIV1157ipd3N4 at a
1:400 dilution. SHIV1157ipd3N4 is a tier 2 clade C SHIV derived from a clinical isolate
serially passaged in infant RMs (40). Fifteen age- and sex-matched RMs were added to
the study to serve as unvaccinated controls. After the first challenge, 53% of the
unvaccinated controls were infected, compared to 27% and 33% of RMs in the DDMMM

FIG 4 DDMMPP immunization elicits significantly higher CD4 T cell responses, while DDMMM immunization elicits higher CD8 T cell responses. (A) Longitudinal
total SHIV-specific IFN-�� CD4 T cell response. Geometric means for the group are shown. (B to D) SHIV-specific IFN-��, IL-21�, and IL-4� CD4 T cell responses
1 week after the final immunization. Pie charts depict the relative distributions of the CD4 T cell responses to Gag, Env1, and Env2 peptide pools. (E) Longitudinal
total SHIV-specific IFN-�� CD8 T cell response. Geometric means for the group are shown. (F to H) SHIV-specific IFN-��, IL-21�, and CD107� CD8 T cell responses
1 week after the final immunization. Pie charts depict the relative distributions of the CD8 T cell responses to Gag, Env1, and Env2 peptide pools. *, P � 0.05;
**, P � 0.01; ***, P � 0.001; ****, P � 0.0001.
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and DDMMPP groups, respectively. However, by the second challenge, there was no
difference in the rate of acquisition between any of the groups, as 60 to 70% of the
animals in each group were infected. The remaining animals were infected after 5 to 10
challenges (Fig. 6A). Acquisition of infection was comparable between Mamu-A*01�

and Mamu-A*01-negative (Mamu-A*01�) animals except that there was a trend toward
slower acquisition in Mamu-A*01� controls than in Mamu-A*01� controls (Fig. 6A).

To study the influence of vaccination on viral control, we compared plasma viral
loads in the vaccinated animals and unvaccinated controls up to 14 weeks. The
protein-boosted animals showed significantly lower viral RNA loads at multiple time
points than those in unvaccinated controls, including the Mamu-A*01-negative animals
(Fig. 6B to D). In contrast, DDMMM-immunized RMs showed lower viral RNA loads only
in Mamu-A*01� animals (Fig. 6B to D). These data demonstrate that the addition of
C.1086 gp140 boosts to the DNA/MVA C.1086 vaccine regimen did not improve
protection against SHIV1157ipd3N4 rectal challenges, but they enhanced viral control
after infection.

Vaccine-elicited antibody and CD8 T cell responses correlate with decreased
viral burden postinfection. To get a better understanding of what factors were
contributing to viral control postinfection, we first examined vaccine-specific CD4 and
CD8 T cells at 3 weeks postinfection. We observed a strong anamnestic expansion of
SHIV-specific IFN-�� CD4 and CD8 T cells in vaccinated animals compared to unvacci-
nated animals in both blood and rectum (Fig. 7A and B). Specifically, the Env1-specific
IFN-�� CD4 T cell and Gag-specific IFN-�� CD8 T cell responses were significantly
higher in the vaccinated animals than in the unvaccinated controls (Fig. 7A and B).
Higher SHIV-specific CD8 T cell responses were also observed in the rectum of
DDMMM- and DDMMPP-immunized RMs than in unvaccinated controls (Fig. 7B).
SHIV1157 gp120-specific antibody responses were measured in the serum both before
infection and at weeks 3, 6, and 14 postinfection. Vaccination resulted in significantly
higher SHIV1157-specific gp120 antibody titers at weeks 3 and 6 postinfection; how-

FIG 5 Boolean analysis of vaccine-specific CD4 and CD8 T cell responses. (A) Peak CD4 T cells response to the Env1 peptide pool. (B) Peak CD8 T cell response
to the Env2 peptide pool. 7, CD107a; I, IFN-�; T, TNF-�; 2, IL-2; 21, IL-21; 4, IL-4.
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FIG 6 Acquisition of infection and viral control after SHIV1157ipd3N4 infection. (A) Kaplan-Meier plots depicting the number of challenges required for
productive infection. (B) Geometric mean values for plasma RNA viral titers for all, Mamu-A*01�, and Mamu-A*01� animals. Asterisks represent statistical
significance between immunized and unvaccinated controls. A magenta asterisk indicates significance between the DDMMPP group and unvaccinated
controls. A blue asterisk indicates significance between the DDMMM group and unvaccinated controls. (C) Plasma viral loads for individual animals at
week 2 postinfection. (D) Plasma viral loads for individual animals at week 14 postinfection. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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ever, by week 14 postinfection, there was no difference between vaccinated and
unvaccinated RMs (Fig. 7C). The enhanced viral control in the protein-boosted animals
also suggested that vaccine-induced antibody would have contributed to viral control.
Accordingly, we found a significant inverse association between C.1086 or SHIV1157
gp120 Env-specific binding antibody and the peak viral load (Fig. 7D and E). We also
found a significant inverse association between Gag-specific CD8 T cells and the week
3 viral load (Fig. 7D and E). However, none of the postinfection immune responses
showed an inverse association with viral load. These results strongly suggested that
both vaccine-induced antibody and CD8 T cells contribute to enhanced viral control.

Vaccine-induced V1V2 and V2 HS antibodies poorly cross-react with the chal-
lenge virus V1V2 and V2 HS and show diminished binding to membrane-anchored
V2 HS-modified Env. The vaccine-induced antibody showed strong binding to chal-
lenge virus gp120, and sera from DDMMPP-vaccinated animals showed 14- and 19-
fold-higher titers at the peak and prechallenge time points than those in DDMMM
animals (Fig. 8A). However, the vaccine-induced antibody bound very poorly to gp70-

FIG 7 Postinfection T and B cell responses. (A) C.1086-specific CD4 T cell response in the blood and rectum at 3 weeks postinfection. (B) C.1086-specific CD8
T cell response in the blood and rectum at 3 weeks postinfection. (C) SHIV1157ipd3N4 gp120-specific antibody responses prechallenge and at weeks 3, 6, and
14 postinfection. (D) Correlations between SHIV1157ipd3N4-specific serum antibody responses in the blood at the prechallenge time point and CD8 Gag
responses in the blood at week 1 after MVA2 with week 3 postinfection plasma viral loads. (E) Table showing correlations between the vaccine-specific response
and week 3 postinfection plasma viral load.
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V1V2 of the 1157ipd3N4 challenge virus at both the peak and prechallenge time points
(Fig. 8B). This was true for both vaccine groups, although the gp140-boosted animals
had about 15-fold-higher levels of binding antibodies at the peak and prechallenge
time points (Fig. 8B). At the peak, the levels of 1157 V1V2-specific IgG were roughly
10-fold lower than those of C.1086 V1V2-specific IgG, demonstrating that the C.1086
Env immunogen induced antibodies that poorly cross-reacted with the challenge virus
V1V2. Peak 1157 gp70-V1V2 responses in serum directly correlated with the C.1086
gp70-V1V2 responses in the DDMMPP group (P � 0.02) but not in the DDMMM
immunization group (Fig. 8B).

We next analyzed binding antibodies to the V2 HS. For this, we synthesized peptides
encompassing the V2 HS of C.1086 and 1157 Envs. The V2 HS sequences of C.1086 and
1157 differ at 4 amino acid locations: K166R, H170Q, H173Y, and K178R (Fig. 8C). Serum

FIG 8 Poor cross-reactivity of vaccine-induced antibody to the challenge virus V1V2 and V2 HS. (A) 1157 gp120 IgG responses in the blood at the peak and
prechallenge time points in DDMMM- and DDMMPP-immunized RMs. (B) 1157 gp70 V1V2 IgG responses in the blood at the peak and prechallenge time points
in DDMMM- and DDMMPP-immunized RMs. Correlations between responses against 1157 V1V2 and C.1086 V1V2 are shown on the right. (C) V2 HS sequences
for the clade C consensus sequence, 1086c, and 1157ipd3N4. (D) ELISA data showing binding of individual RM sera to the 1086c peptide (TELKDKKHKVHALFY)
and 1157 V2 HS peptide (TELRDKKQKVYALFY) for each immunization group. O.D., optical density. (E) Pooled peak serum from DDMMPP-immunized RMs against
C.1086 V2 HS singly or doubly mutated peptides. (F) ELISA data showing binding of mAb CH59 to the 1086c and 1157 V2 HS sequences. (G) Flow cytometry
data demonstrating binding of CH59 to CEM NKr cells infected with SHIV1157ipd3N4 and SHIV1157(QNE)Y173H. (H) ADCC activity of CH59 against
SHIV1157ipd3N4- and SHIV1157(QNE)Y173H-infected CEM NKr cells. (I) Representative flow data demonstrating binding of PGT121 and CH59 mAbs and serum
from DDMMPP animals to DNA-transfected cells. C.1086 is the vaccine DNA without CD40L. C.1086 (RQ)H173Y DNA is identical to C.1086 except for three
mutations in the HS, K166R, H170Q, and H173Y. wt, wild type. (J) Binding of DDMMPP sera to DNA-transfected cells. (K) Binding to DNA/SHIV-C.1086-CD40L
(KHH and RQY)-transfected (left) and SHIV1157ipd3N4/SHIV1157(QNE)Y173H-infected (right) cells using mAbs PGT121 and CH59. (L) ADCC activity against
SHIV1157ipd3N4 and SHIV1157(QNE)Y173H. DNA1, time point used as the background for the assay. **, P � 0.01; ****, P � 0.0001.
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from DDMMPP but not DDMMM animals showed strong binding to the 1086 V2 HS.
However, the same sera did not show any binding to the 1157 V2 HS (Fig. 8D).
Single-amino-acid substitutions in the C.1086 V2 HS sequence showed that H173Y
completely abolishes binding (Fig. 8E). Collectively, these data demonstrate that neither
DDMMM nor DDMMPP immunizations generated antibodies that cross-reacted with
the challenge virus V2 HS due to the H173Y amino acid change in the 1157 V2 HS.

To determine if V2 HS-specific antibodies contribute to ADCC activity against virus-
infected cells, we used the CH59 monoclonal antibody (mAb) that was isolated from an
RV144 trial participant and shown to bind to an epitope in the V2 HS region. The CH59 mAb
bound strongly to the C.1086 V2 HS but showed no binding to the 1157 V2 HS (Fig. 8F).
Next, we looked at binding to SHIV1157ipd3N4- and SHIV1157(QNE)Y173H-infected
cells. SHIV1157(QNE)Y173H is similar to SHIV1157ipd3N4 but has a Y173H mutation
in the V2 HS as well as two additional mutations, Q170K and I192R (41). CH59 bound
to targets infected with SHIV1157(QNE)Y173H but not SHIV1157ipd3N4, confirming
that V2 HS-directed antibodies can recognize HIV Env on infected cells and that this
recognition is sensitive to the histidine at position 173 (Fig. 8G). Consistent with the
cell binding results, CH59 showed ADCC activity against SHIV1157(QNE)Y173H-
infected cells but not against SHIV1157ipd3N4-infected cells (Fig. 8H). These results
demonstrate that antibodies directed against the V2 HS recognize membrane-
anchored HIV Env and mediate ADCC activity against SHIV-infected cells.

To determine if C.1086 vaccine-induced antibodies recognize Env expressed on the
cell membrane, and whether this recognition may be V2 HS sequence dependent, we
transfected 293T cells with two DNA constructs expressing SIV Gag and C.1086 HIV Env
proteins. The first DNA construct was the exact same DNA used to immunize the
macaques in the trial, while the second was mutated in the V2 HS at 3 locations (K166R,
H173Q, and H173Y) to match the HIV-1 clade C consensus sequence. PGT121, the
positive-control mAb, bound equally well to cells transfected with either of the DNA
constructs, while immune serum bound significantly better (P � 0.007) to cells trans-
fected with the homologous DNA construct (Fig. 8I and J). These results suggest that
V2 HS-specific antibodies generated by the DNA/MVA C.1086 vaccine contribute to the
recognition of membrane-anchored Env on the cell surface and that the heterogeneity
between the vaccine and challenge virus V2 HS sequences may render these antibodies
less functional against challenge virus-infected cells. Our attempts to measure binding
of vaccine sera to SHIV-infected cells with V2 HS mutations did not yield good binding
with either (H or Y at position 173) of the V2 HS viruses (data not shown). The mAbs
PGT121 and CH59 themselves showed significantly lower binding to SHIV-infected cells
than to DNA-transfected cells, indicating lower levels of Env on the cell membrane of
the former than of the latter (Fig. 8K). Finally, we measured the ADCC activity against
the challenge SHIV and Y173H mutant SHIV using sera from DDMMPP-vaccinated
animals. We observed a low level of ADCC activity against both viruses, and the activity
was comparable against both viruses (Fig. 8L). These results showed that vaccine-
induced antibodies show poor ADCC activity against infected cells, possibly due to the
heterologous nature of the Env and poor expression on the cell surface, and the H
residue at position 173 does not improve this activity.

DISCUSSION

Here, we tested the ability of a CD40L-adjuvanted clade C DNA/MVA SHIV vaccine
with and without gp140 protein boosts to protect against heterologous tier 2 clade C
intrarectal SHIV challenges. Our results showed that the CD40L-adjuvanted DNA/MVA
vaccine induces robust SHIV-specific CD4 and CD8 T cell responses with a polyfunc-
tional profile, and gp140 protein boosts in Adjuplex adjuvant markedly enhance the
IgG and IgA binding antibodies in blood as well as in mucosal secretions. The protein
boosts also induced high levels of vaccine-specific gp70-V1V2 and V2 HS antibody
responses but failed to induce a neutralizing antibody response against tier 2 HIV Envs,
including against the challenge virus. This strong cellular and humoral binding anti-
body response in the DDMMPP group did not translate to better protection. Impor-
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tantly, our results showed that the C.1086 gp140-induced anti-V1V2 and -V2 HS
antibodies poorly cross-react with the challenge virus V1V2 and V2 HS, and three amino
acid changes in the V2 HS of the immunogen to match the challenge virus V2 HS
greatly diminish antibody recognition of membrane-anchored HIV Env. This is quite
concerning for HIV vaccine approaches that aim to induce a strong and broad anti-V1V2
response. Thus, it is important to develop HIV Env immunogens that can strongly
increase both the magnitude and breadth of the anti-V1V2 response. To overcome this
limitation, a recent study used pentavalent gp120 protein boosts to enhance the
breadth of the anti-V2 antibody response and showed that this improved protection
against clade C SHIV (41). Toward this goal, we recently developed a trimeric, cyclically
permuted gp120 protein that induces a strong and broad anti-V1V2 response in rabbits
and macaques (42). In conclusion, these results demonstrate that sequential immuni-
zations with C.1086-based DNA, MVA, and gp140 protein induce a robust cellular and
humoral immune response to HIV, but they do not protect against a heterologous
intrarectal clade C SHIV challenge.

Encouragingly, the gp140 protein boosts enhanced the control of SHIV replication
at the peak and set point stages of infection. Impressively, this enhanced control was
observed in both Mamu-A*01� and Mamu-A*01� animals. Roughly 30% of gp140
protein-boosted RMs had undetectable viral levels in the blood at 6 weeks postinfec-
tion. By 10 weeks postinfection, 40% of gp140-boosted RMs had undetectable virus in
the blood relative to DDMMM (30%) and control (13%) RMs. Based on the immune
correlate analysis, the higher levels of vaccine-induced antibody responses and SIV
Gag-specific CD8 T cells at the prechallenge time point contributed to enhanced viral
control in Mamu-A*01� animals. These data indicate that the vaccine-induced antibody
response to C.1086 and SHIV1157 contributed significantly to viral control against
heterologous infection. The contribution of anti-Env antibody responses to enhanced
viral control is consistent with findings from a recent study showing that passive
transfer of anti-V1V2 monoclonal antibody reduces cell-associated viral DNA after SHIV
infection in macaques (43).

An important finding of our study is that anti-V2 HS antibodies are important for the
recognition of membrane-anchored trimeric gp160, and point mutations in the V2 HS
significantly diminish the binding of vaccine sera to membrane-anchored trimeric
gp160. Although the RV144 antibody analyses revealed that anti-V2 HS binding anti-
body is a correlate for reduced risk of HIV acquisition (5), the precise mechanisms by
which these antibodies may provide protection are still being worked out. There is very
little information about the anti-V2 HS antibodies induced by vaccination. Our study
shows that gp140 protein immunizations can significantly boost autologous anti-V2 HS
antibodies, but the binding of these antibodies to the challenge virus V2 HS can be
completely abrogated by a single amino acid change at position 173 from histidine to
tyrosine. Serum from unvaccinated controls was tested against the challenge virus V2
HS and found not to bind to the homologous V2 HS, indicating that infection does not
induce antibodies to this region. These results strongly suggest that it is important for
HIV vaccines to generate high-magnitude anti-V2 HS antibodies with broad reactivity to
diverse V2 HS sequences. It is also important to note that the V2 HS of the C.1086
protein is distant from the V2 HS of the clade C consensus sequence, suggesting that
C.1086 Env-induced anti-V2 HS antibodies may not cross-react with the V2 HS of most
of the primary clade C isolates. Our recent study with cyclically permuted gp120 protein
showed that it is possible to generate broad anti-V2 HS antibodies by vaccination in
rabbits and macaques (42).

In this study, the C.1086 gp140 protein boosts did not generate either autologous
or heterologous tier 2-neutralizing antibody responses. This is not surprising for mul-
tiple reasons. First, the gp140 protein that we used is not stabilized to make native-like
trimers. The majority of this protein exists as a monomer or dimer. Despite this, we used
this protein because the stabilized trimeric version of C.1086 Env protein was not
available. Second, not all native-like trimers will induce a strong autologous neutralizing
antibody response. It is quite possible that C.1086 trimers may not be good at inducing
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autologous neutralizing antibody responses. Third, we may need a longer gap between
the two protein immunizations. We used 6 weeks; however, a recent study and our
ongoing studies with BG505 SOSIP immunizations suggest that an interval of 16 weeks
or longer may be better for inducing autologous neutralizing antibody responses. Our
hope was to at least induce a strong nonneutralizing antibody with effector function.

In this study, we included a third MVA immunization in the DDMMM group to boost
the CD8 T cell response. Given that CD8 T cells can kill virus-infected cells, we hoped
that any CD4 T cells infected in the rectum would be eliminated before they could
spread the infection to secondary lymphoid tissues. Indeed, the third MVA immuniza-
tion significantly boosted the CD8 T cell response at the peak. However, by the
prechallenge time point, there was no significant difference between the two groups.
Despite having more virus-specific CD8 T cells and fewer CD4 T cells at the time of
challenge, DDMMM immunization did not delay acquisition compared to unvaccinated
controls. However, the greater SHIV-specific CD8 T cell response resulted in lower
viremia and better viral control in the Mamu-A01� RMs than in their DDMMPP
counterparts or unvaccinated controls.

In conclusion, our results show that the addition of C.1086 gp140 protein boosts to
the DNA/MVA vaccine modality markedly enhanced levels of binding antibodies to
gp140, but they failed to induce a strong antibody response against the heterologous
anti-V1V2 and clade C consensus V2 HS. They also show that the unstabilized gp140
protein boosts do not induce autologous tier 2-neutralizing antibody responses. These
results highlight the need for the development of clade C trimeric Env immunogens
that induce broadly cross-reactive anti-V1V2 and anti-V2 HS responses with effector
function and neutralization potential.

MATERIALS AND METHODS
Animals and immunizations. Young Indian male and female rhesus macaques (RMs) from the

Yerkes primate breeding colony were selected based on their Mamu-A*01, Mamu-B*08, and Mamu-B*17
alleles and cared for according to the Animal Welfare Act and the National Institutes of Health (NIH)
(Bethesda, MD) Guide for the Care and Use of Laboratory Animals (44), using protocols approved by the
Emory University Institutional Animal Care and Use Committee (45, 46). Thirty RMs were divided into 2
groups based on weight, sex, and Mamu-A*01 status. Each group contained 5 females and 10 males, of
which 7 were Mamu-A*01 positive and 8 were Mamu-A*01 negative. Fifteen age-, sex-, weight-, and
Mamu-A*01 status-matched controls were added after vaccinations were finished. All vaccinated animals
were primed i.m. with 3 mg of CD40L-adjuvanted SHIV DNA on weeks 0 and 8 and then boosted i.m. with
1 � 108 PFU of SHIV MVA on weeks 16 and 24. On weeks 32 and 38, one group (DDMMPP) was
immunized subcutaneously at the base of the neck with 100 �g of C.1086 gp140 HIV Env protein
supplemented with Adjuplex adjuvant (Sigma) according to the manufacturer’s protocol. The other
group (DDMMM) was given an additional i.m. vaccination with 108 PFU of SHIV MVA on week 38.

Immunogens. The clade C HIV C.1086 gp140 K160N Env protein (47, 48) was obtained from Barton
Haynes (Duke Human Vaccine Institute). The DNA vaccine PGA1/SHIV1086C_2ACD40L was constructed
as previously described (16). The PGA1/SHIV1086C_2ACD40L construct was engineered from the pGA1/
SHIV89.6 DNA plasmid (15). A single DNA fragment containing HIV Env with a K160N mutation, Tat, and
Rev derived from C.1086 sequences was synthesized (GeneArt, Germany) and cloned using the EcoRI and
NheI restriction sites by replacing the EcoRI-NheI fragment of the HIV89.6 Env and Tat/Rev genes. A DNA
fragment containing an F2A peptide derived from foot-and-mouth disease virus along with monkey
CD40L was inserted downstream of the HIV Env gene using a gene infusion kit (Clontech Laboratories,
Mountain View, CA). Expression of the proteins by DNA was tested in transiently transfected 293T cells
using flow cytometry and Western blotting. After 48 h, the supernatant and cells were collected. The cells
were tested by flow cytometry for the expression of SIV Gag using 2F12 antibody (catalog no. 2343; NIH
AIDS Reagent Program), HIV Env using ID6 antibody (catalog no. 1610; AIDS Reagent Program), and
CD40L using anti-CD40L antibody (catalog no. AF617; R&D Systems). Western blotting with the above-
described antibodies was used to detect the expressed proteins in cell supernatants and lysates.

For MVA/SHIV-C.1086, C.1086 gp140 K160N Env (GenBank accession no. FJ444399.1) (49) was codon
optimized for vaccinia virus expression, synthesized from GeneArt, and cloned into pLW-73 using the
XmaI site under the control of an independent mH5 promoter. This plasmid DNA was subsequently
recombined, as described previously (20), into the essential region (DelII) of MVA expressing SIV Gag and
Pol genes (kindly provided by B. Moss) between genes I8R and G1L. Recombinant MVA (rMVA) was
isolated using standard methods, except that sorting was used during the first round of selection using
green fluorescent protein (GFP) and PGT121 antibody to detect cell surface Env expression. Plaques were
picked after 7 rounds to obtain GFP-negative rMVA/SHIV, and DNA sequences were confirmed. The
recombinants were characterized for Gag and Env expression by flow cytometry and Western blotting.
VLP formation was verified by electron microscopy. Viral stocks were purified from lysates of infected DF1
cells using a 36% sucrose cushion.
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SHIV challenges. Vaccinated and control RMs were challenged weekly by the intrarectal route with
the tier 2 clade C SHIV1157ipd3N4 virus (40). This virus was titrated and used at a 1:400 dilution of the
stock (containing 9.8 � 106 50% tissue culture infective doses [TCID50]/ml and 257 ng/ml of p27) for a
maximum of 10 challenges. Animals were considered infected after two consecutive positive plasma viral
load readouts.

Quantitation of SHIV RNA plasma load. The SHIV copy number was determined using quantitative
real-time PCR as previously described (12). Briefly, total RNA was extracted from plasma of infected RMs,
amplified, and used for quantitative real-time PCR analyses.

Collection and processing of blood and rectal secretions. Peripheral blood mononuclear cells
(PBMCs) were collected and isolated as previously described (12). Rectal secretions were collected using
Weck-Cel sponges (Beaver Visitec, Waltham, MA) and eluted as previously described (50).

T cell responses. Intracellular cytokine staining (ICS) was performed as previously described (16),
with a few modifications. Briefly, PBMCs were stimulated with 1 �g/ml of SIVmac239 Gag or HIV C.1086
Env overlapping peptide pools in the presence of 1 �g/ml anti-CD28 and anti-CD49d (BD Pharmingen,
San Diego, CA) in complete RPMI 1640 medium (containing 10% fetal bovine serum [FBS], HEPES,
gentamycin, and penicillin-streptomycin). The HIV Env overlapping peptides (15-mers overlapping by 11
residues) was divided into two pools, Env1 and Env2. Env1 consists of the first 106 peptides (amino acids
1 to 435 of gp120), and Env2 consists of the last 106 peptides (remaining gp120 and gp41) of the HIV
Env protein. After 1.5 h of stimulation at 37°C in 5% CO2, GolgiStop (0.5 �g/ml; BD Pharmingen) and
brefeldin A (0.5 �g/ml; BD Pharmingen) were added. After an additional 4.5-h incubation, the cells were
placed at 4°C overnight. The following morning, cells were washed in fluorescence-activated cell sorter
(FACS) wash buffer (phosphate-buffered saline [PBS] with 2% FBS and 0.05% sodium azide) and then
surface stained with CD4-BV650 (clone L200; BD Pharmingen), anti-human CD8-AmCyan (clone SK1; BD
Biosciences), and Live/Dead fixable near-infrared (IR) allophycocyanin (APC)-Cy7 stain (Invitrogen, CA) for
20 min at 4°C. Cells were then washed, permeabilized with Cytofix/Cytoperm (BD Biosciences) for 25 min
at 4°C, and washed twice with Perm wash buffer (BD Biosciences). Intracellular staining was then done
using a mixture of anti-human CD3-BV421 (clone SP34-2; BD Biosciences), anti-human interferon gamma
(IFN-�)-Alexa 700 (clone B27; BD Biosciences), anti-human interleukin 2 (IL-2)-BV605 (clone MQ1-17H12;
BD Biosciences), anti-human interleukin 21 (IL-21)-APC (clone 3A3-N2.1; BD Biosciences), anti-human
tumor necrosis factor alpha (TNF-�)-phycoerythrin (PE)-CF594 (clone Mab11; BD Biosciences), anti-human
IL-4 –PE (clone 7A3-3; Miltenyi Biotech, Auburn, CA), and anti-human CD107A-BV786 (clone H4A3; BD
Biosciences) for 25 min at 4°C. Cells were washed with Perm wash buffer followed by FACS wash buffer
and then resuspended in FACS wash buffer. Cells were acquired on an LSRII instrument (BD Immuno-
cytometry Systems, San Jose, CA) and analyzed using FlowJo software (TreeStar, Ashland, OR).

Measurement of binding antibodies. Anti-Env antibody responses were measured by an enzyme-
linked immunosorbent assay (ELISA) using either the gp140 protein immunogen, murine leukemia virus
gp70-scaffolded V1V2 proteins (from Abraham Pinter, Rutgers Medical School), or linear V2 HS peptides
captured on Costar high-binding microtiter plates (Corning Life Sciences, Lowell, MA) as previously
described (51). Briefly, plates were coated with the antigen at 1 �g/ml in PBS and incubated overnight
at 4°C. The following day, the plates were washed, blocked, and incubated for 1 h with 3-fold dilutions
of serum. For the standard, known concentrations of purified rhesus IgG (serially diluted) (NHP reagent
resource) were captured using anti-rhesus IgG (Rockland). Bound IgG was detected using peroxidase-
conjugated anti-monkey IgG (Accurate Chemical and Scientific, Westbury, NY) and the tetramethylben-
zidine substrate (KPL, Gaithersburg, MD). The reaction was stopped by adding 100 �l of 2 N H2SO4. Each
plate included a standard curve generated using goat anti-monkey IgG and rhesus macaque IgG (both
from Accurate).

A customized Luminex binding antibody multiplex assay (BAMA) was used as previously described
(8, 52–54) to measure rectal antibodies to the C.1086 gp140 immunogen or gp70-V1V21157ipd3N4 protein
and serum antibodies to consensus C peptides representing the gp41 immunodominant (ID) domain
(DQQLLGMWGCSGKLIC; GenScript), the gp120 V3 loop (cysteine-bonded CTRPNNNTRKSIRIGPGQTFYAT
GDIIGDIRQAHC; Neolabs), and the gp120 constant 1 domain (C1) (MHEDIISLWDESLKPCVKLTPLCV; Neo-
labs). Briefly, protein- or peptide-conjugated beads were mixed overnight at 4°C with 5-fold dilutions of
the standard and serum or secretions. The standards were calibrated by an ELISA (54) and consisted of
pooled purified IgG or IgG-depleted serum (for IgA assays) from SHIV-vaccinated and -infected macaques
(55). Beads were alternatively washed and mixed for 30 min with 100 �l of 20 �g/ml biotinylated
anti-monkey IgG or IgA (Rockland Immunochemicals, Pottstown, PA) followed by a 1:400 dilution of
neutravidin-phycoerythrin (SouthernBiotech, Birmingham, AL). After measurement of fluorescence in a
BioPlex 200 instrument (Bio-Rad, Hercules, CA), the concentrations of antibody were interpolated from
standard curves. Antibody concentrations in secretions were divided by the total IgG or IgA concentra-
tions to obtain the specific activity. Total IgG and IgA were measured by an ELISA using goat anti-monkey
IgG or IgA antibodies (Rockland) as described previously (50).

ADCC assay. The ADCC assay was performed as previously described (56). Briefly, CCR5� CEM NKr

cells with a Tat-inducible luciferase promoter (kindly provided by David Evans, University of Wisconsin at
Madison) were infected through spinoculation with 250 �l of the SHIV1157ipd3N4 challenge stock virus
for 2 h at 1,200 � g at 25°C. Infection was allowed to proceed for 4 days. On day 3, infected cells were
checked for the level of infection by flow cytometry after intracellular staining for SIV Gag. On day 4,
infected targets were incubated with serum (1:50 dilution) or monoclonal antibodies and rhesus
CD16-expressing KHYG1 NK effector cells (from David Evans) at a 10:1 effector-to-target cell ratio for 8 h.
A 150-�l volume of the cell mixture was then added to 50 �l of BriteLite Plus luciferase substrate reagent
in a black 96-well plate (both from Perkin Elmer, Duluth, GA). Luciferase activity was measured 2 min
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later. ADCC activity was calculated as the percent reduction in luciferase compared to effector and target
cells alone.

Plasmablasts in blood and plasma cells in bone marrow. IgG and IgA plasmablast responses were
measured 5 days after the 2nd and 3rd MVA immunizations (MVA2 and MVA3) and after the 1st and 2nd
Env protein immunizations (P1 and P2) as previously described (57). Briefly, 96-well multiscreen HTS filter
plates (Millipore, Burlington, MA) were coated overnight at 4°C with 8 �g/ml of goat anti-monkey IgG or
IgA antibody (Rockland) or with 10 �g/ml of C.1086 gp140. The plates were washed and blocked with
complete RPMI 1640 medium for 2 h at 37°C in 5% CO2. Threefold serial dilutions of PBMCs from each
RM were added and incubated overnight at 37°C. The next day, the PBMCs were discarded, and the
plates were washed. They were then developed using biotinylated anti-monkey IgG or IgA (Rockland),
streptavidin-conjugated horseradish peroxidase (Vector Laboratories), and nitroblue tetrazolium (NBT)–
5-bromo-4-chloro-3-indolylphosphate (BCIP) (Thermo Fisher Scientific). Water was used to stop the
reaction after spots became visible. Plates were allowed to dry, and spots were counted the following
day. For measuring plasma cells in bone marrow, we followed the same procedure except that cells from
bone marrow were used in place of PBMCs.

Measurement of neutralizing antibody. SHIV-specific neutralization was measured as a reduction
in luciferase expression after a single round of infection in TZM-bl cells as described previously (58).

Statistical analysis. GraphPad Prism v7.0 was used to perform all nonparametric two-tailed statis-
tical analyses. For comparisons between DDMMM and DDMMPP vaccination groups, a Mann-Whitney
rank sum test was used. For comparisons between time points within the same group, the Wilcoxon
matched-pairs test was used. The Spearman rank test was used for correlations. Statistical significance
was defined as a P value of �0.05.
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