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After over 3 decades of research, an effective anti-HIV vaccine remains elusive. The recently halted HVTN702 clinical trial
not only further stresses the challenge to develop an effective HIV vaccine but also emphasizes that unconventional and
novel vaccine strategies are urgently needed. Here, we report that a vaccine focusing the immune response on the sequences
surrounding the 12 viral protease cleavage sites (PCSs) provided greater than 80% protection to Mauritian cynomolgus
macaques against repeated intravaginal SIVmac251 challenges. The PCS-specific T cell responses correlated with vaccine
efficacy. The PCS vaccine did not induce immune activation or inflammation known to be associated with increased
susceptibility to HIV infection. Machine learning analyses revealed that the immune microenvironment generated by the
PCS vaccine was predictive of vaccine efficacy. Our study demonstrates, for the first time to our knowledge, that a vaccine
which targets only viral maturation, but lacks full-length Env and Gag immunogens, can prevent intravaginal infection in a
stringent macaque/SIV challenge model. Targeting HIV maturation thus offers a potentially novel approach to developing an
effective HIV vaccine.

Introduction

HIV mutates rapidly and preferentially infects activated CD4+ T cells.
Inflammation activates and attracts HIV target cells, thereby enhancing the risk of infection (1–3). These inherent characteristics of HIV
infection underscore the unique challenges compared with other
pathogens when developing a prophylactic vaccine (4, 5). Among
the 7 HIV vaccine clinical efficacy trials to date, only the RV144 Thai
trial demonstrated efficacy, albeit modest (31.2%) (4, 6). The recent
HVTN702 trial, using a similar subtype C–adapted vaccine, showed
no efficacy, and was halted (7). The HVTN702 trial emphasizes that
unconventional and novel vaccine strategies should be explored.
Because activated CD4+ T cells are preferential targets for
HIV, an effective HIV vaccine would need to elicit protective anti-
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HIV immunity, while minimizing vaccine-induced inflammation
and immune activation (5, 8, 9). Our studies of HIV highly exposed
seronegative (HESN) Kenyan female sex workers demonstrated
that narrowly targeted T cell responses are associated with protection against HIV infection (9–11). Thus, an alternative strategy
for an effective HIV vaccine would be to generate and direct the
immune responses to only the essential parts of HIV (9, 12). Learning from the natural immunity observed in these Kenyan HESN
women, we tested an HIV vaccine strategy by focusing the host
immune response on the sequences surrounding the 12 viral protease cleavage sites (PCSs) (8, 13). The HIV protease cleaves Gag,
Gag-Pol, and Nef precursor proteins at the 12 PCSs (8, 14). Studies have shown that the process of protease cleavage requires a
tightly controlled and ordered sequence of proteolytic processing
events mediated by different rates of cleavage at the different processing sites (15–21). Even subtle disturbances may be sufficient
to interrupt this delicately balanced process and drive it toward
a nonproductive end (15, 18, 19, 22). We hypothesized that a vaccine targeting the 12 PCSs may be effective against HIV infection.
First, as the sequences surrounding the PCSs are highly conserved
(8), the vaccine can target multiple HIV-1 subtypes. Second, the
focused immunity may drive viral mutations surrounding the
PCSs and impair the proteolytic processing of HIV polyproteins.
Third, restricting the immune response to a reduced number of
jci.org   Volume 130   Number 12   December 2020

6429

RESEARCH ARTICLE

The Journal of Clinical Investigation  

Figure 1. The PCS vaccine protected MCMs against vaginal SIVmac251 infection. (A) The PCS vaccine. Twelve 20-mer peptides derived from the 12
protease cleavage site (PCS) regions of SIVmac239 (between –10 and +10 positions flanking each cleavage site) were delivered as recombinant vesicular
stomatitis viruses (rVSV) and nanoparticles (Nano). (B) Immunization and challenge scheme. Two groups of animals were involved, the PCS vaccine group
(n = 8) and the sham vaccine control group (n = 8). (C) Kaplan-Meier plot showing the percentage of uninfected animals following challenges. (D) Extended
challenges beyond the predetermined, standard challenge protocol. Viral load time course of each animal (note: n = 8/group, while data of some animals
at baseline levels overlap and are not visually distinguishable on graph).

T cell epitopes surrounding the PCSs may result in lower vaccineinduced inflammation and fewer activated CD4+ T target cells (8).
We tested this hypothesis in a nonhuman primate (NHP)/simian
immunodeficiency virus (SIV) infection model. We demonstrate
here that the PCS-based vaccine, without full-length Gag or Env
immunogens, protects female Mauritian cynomolgus macaques
(MCMs) from acquisition of a highly pathogenic and heterogenic
SIVmac251 infection (23).

Results

Vaccine protection against vaginal SIVmac251 infection. The PCS
vaccine delivers twelve 20–amino acid peptides overlapping each
of the 12 viral PCSs with recombinant vesicular stomatitis viruses
(rVSVs) and nanoformulations (NANOs) (8, 13). To evaluate the
efficacy of the PCS vaccine (Figure 1A), 16 female MCMs that did
not express known SIV controller MHC haplotypes (24) (Supplemental Table 1; supplemental material available online with this
article; https://doi.org/10.1172/JCI138728DS1) were divided into
2 groups (the PCS vaccine and the vaccine vector control; n = 8
per group). MHC haplotypes were balanced between the 2 groups
(Supplemental Table 2). The vaccination scheme consisted of
prime with rVSVpcs or rVSV control vector (intramuscularly) and
4 boosts with combinations of rVSVpcs or rVSV vector (intramuscularly) and NANOpcs (intranasally, Figure 1B) (13).
Approximately 6 months after the final boost, repeated lowdose intravaginal SIVmac251 challenges were carried out every
2 weeks and infection status was monitored by the quantification of plasma viral load (VL) on days 6, 10, and 14 after each
challenge (Figure 1B). The vaginal challenge route was chosen
to mimic vaginal HIV exposure in women, which accounts for
approximately half of all HIV infections worldwide (25). Accord6430
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ing to our study design (see Methods), the end point of the challenge study for evaluating vaccine efficacy was at challenge number 6 (Figure 1C), which has also been used in many other studies
(23, 26–28). At the end of the challenge protocol, the majority (6
of 8, 75%) of control animals were infected, whereas only 2 of
the PCS-vaccinated animals (25%) were infected (Figure 1C).
To determine whether the 2 (uninfected) control animals were
refractory to SIVmac251 infection and to determine the numbers
of challenges needed to infect 50% of the vaccines, we extended
to 13 challenges (Supplemental Table 3). Following the extended challenges, 3 additional animals in the PCS vaccine group
became infected (after 9, 11, and 13 challenges, respectively).
However, the 2 previously uninfected control animals remained
uninfected (Supplemental Table 3). This observation was consistent with findings from several previous studies in macaques
demonstrating that a portion of control animals were refractory
to acquisition of SIV or simian-human immunodeficiency virus
(SHIV) infection (28–36).
Survival analysis demonstrated that the PCS vaccine significantly increased the number of challenges required for acquisition
of SIVmac251 infection (P = 0.046, log-rank test) (Figure 1C and
Table 1). It provided an 80.3% reduction in the per-exposure risk
of viral acquisition (vaccine efficacy = 1 – hazard ratio, proportional
hazards regression) (Figure 1C and Table 1). Moreover, only 2 SIVmac251 challenges were required to infect 50% of control animals
(Figure 1, C and D, and Table 1). However, 11 successive challenges
were needed to infect 50% of the animals in the PCS vaccine group
(Figure 1D and Table 1). This significant level of vaccine protection
was not related to the menstrual phases of these female animals
during the SIVmac251 challenges (Supplemental Figures 1 and 2)
nor their MHC haplotypes (Supplemental Tables 4 and 5).
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Table 1. Statistical analysis of vaccine efficacy

Control
PCS

Hazard ratio
(95% CI)

Per-exposure risk reduction

P valueA

P valueB

1 (reference)
0.197 (0.039–0.986)

N/A
80.3%

N/A
0.046

N/A
0.048

Extended challenge:
challenge number to infect 50% monkeys
2
11

Log-rank test. BWald test, proportional hazard model.

A

These data demonstrate, for the first time to our knowledge,
that a candidate prophylactic PCS HIV vaccine, without traditional immunogens, such as full Gag and Env, protected female monkeys against pathogenic SIVmac251 challenges.
The PCS vaccine did not elicit significant inflammatory responses in the cervicovaginal mucosa. Inflammation can activate and
attract HIV CD4+ T target cells to the portal of entry. Elevated
cervicovaginal mucosal (CVM) inflammation is associated with
increased susceptibility to HIV/SIV infection and reduced efficacy of anti-HIV microbicides (37–39). We examined vaginal mucosal inflammation following vaccination. The vaccine-induced
mucosal inflammation was analyzed by quantifying inflammatory cytokine responses in cervicovaginal lavage (CVL) samples
(Figure 2, A–G, and Supplemental Figure 3). Thirteen proinflammatory cytokines (TNF-α, IFN-γ, IL-6, RANTES/CCL5, GM-CSF,
IL-1β, MCP-1/CCL2, IL-8, MIP-1α/CCL3, MIP-1β/CCL4, IP-10/
CXCL10, IL-17A, and IL-1α) and 1 antiinflammatory cytokine
(IL-10) were analyzed. Vaccine-induced fold changes in cytokine
levels at multiple time points were determined and are shown as
heatmaps (Figure 2A). No apparent induction of inflammatory
cytokine responses, apart from some sporadic fluctuations, was
observed in the control or the PCS vaccine group. The short SIV
PCS peptide immunogens in the PCS vaccine did not lead to the
persistent increase in cervicovaginal inflammatory responses
in the PCS vaccine group in comparison with the control group,
except an initial increase after prime in IFN-γ, IL-6, RANTES,
GM-CSF, MCP-1, and IL-17A, which were dampened at later
boost points (Figure 2A). A notable exception was that the induction of MCP-1 in the PCS vaccine group was observed after multiple immunizations (Figure 2A).
When the absolute cytokine levels were compared, the PCS
vaccine group had significantly lower levels of IFN-γ and MIP-1β
at week 73 (1 week after the final boost), and IL-8 and MIP-1β at
week 90 (18 weeks after the final boost), than that of the control
group (see Figure 2, B–G). These data indicate that the PCS vaccine did not elicit significant inflammatory responses in the CVM.
The PCS vaccine induced antibody responses. Mucosal antibodies against PCS peptide antigens were measured in CVL and
reported previously (13) and plasma samples (Supplemental Figure 4A and Supplemental Figure 5). The patterns of anti-PCS peptide antibody (IgG) responses in CVL and plasma were similar.
A trend of increased antibodies against individual PCS antigens
was observed at week 73 (1 week after the last boost, defined as
the “peak” immune response time point) (Supplemental Figure
5). The level of combined plasma antibodies against all 12 PCS
peptides at this time point in the PCS vaccine group was approximately 2-fold higher that in the control group (Supplemental Fig-

ure 4A). Thus, the PCS vaccine induced antibodies against PCS
peptides. The PCS peptides are not located in the Env, and the prechallenge plasma samples of the PCS vaccine group did not have
neutralizing activities against tier 1 and tier 2 SIVmac251 (Supplemental Table 6). The moderate magnitude of anti-PCS antibodies may reflect the existence of B cell epitopes in the sequences
surrounding the PCS, and indicate that immunization with the
PCS vaccine was effective in inducing antibodies against the PCS
peptides. However, the contribution of these antibodies to the protection is currently unknown.
The PCS vaccine induced T cell responses. To examine vaccine-induced cellular immune responses, peripheral blood mononuclear cells (PBMCs) from the peak time point were quantified
by ELISPOT for frequency of IFN-γ–producing cells in response
to a pool of SIV peptide antigens (PCS1–4, PCS5–8, or PCS9–12)
(Supplemental Figure 4, B–D). Slightly higher numbers of animals
in the PCS vaccine group than those in the control group showed
above-background responses to PCS5–8 and PCS9–12 peptide
pools, but these differences were not statistically significant (Supplemental Figure 4, B–D). Although IFN-γ ELISPOT has been
traditionally used to evaluate T cell responses to vaccines, many
cytokines other than IFN-γ are known to be secreted by activated T cells (40–42). Thus, simply assessing the IFN-γ response by
ELISPOT may give a very limited view of vaccine-induced T cell
responses (43). Furthermore, in some vaccine studies, IFN-γ secretion was a poor correlate of protection against HIV, and was not
the best indicator of vaccine-induced responses (43). We therefore
expanded the analysis of cellular responses by measuring 14 cytokines using our customized Bio-Plex multiplexed cytokine assay.
PBMCs of the PCS vaccine group from the peak time point
were stimulated with PCS peptide pools and quantified for cytokines secreted into the culture supernatants (Supplemental Table
7). Between 9 and 14 cytokines were detected following stimulations with different PCS peptide pools (PCS1–4: 9 cytokines,
PCS5–8 and PCS9–12: 14 cytokines). Among these cytokines,
RANTES, MIP-1α, MIP-1β, TNF-α, IL-6, and IL-8 were detected
in 50% or higher percentages of animals (Supplemental Table
7). Some of these cytokines are currently known to have potential functions in directly inhibiting HIV infection or regulating
inflammation. RANTES, MIP-1α, and MIP-1β are HIV-suppressive
factors produced by CD8+ T cells possibly through competitive
binding of HIV coreceptor CCR5 (44). IL-6, produced by various
cell types including T cells, B cells, and monocytes (45), can have
an antiinflammatory role in controlling local or systemic acute
inflammatory responses (46, 47). A source of IL-8 is CD4+FOXP3+
regulatory T (Treg) cells (48), which could play a role in regulating
antiviral responses. In summary, these data indicated that several
jci.org   Volume 130   Number 12   December 2020

6431

RESEARCH ARTICLE

The Journal of Clinical Investigation  

Figure 2. The PCS vaccine and mucosal inflammatory cytokines. (A) Heatmaps showing net fold change (relative to preimmunization baseline) in group
median inflammatory cytokine levels at the cervicovaginal mucosa at different time points of the vaccination scheme. A significant increase in MCP-1
after PCS vaccine immunization was observed at weeks 6 and 17 (P < 0.01 ) as well as week 51 (P < 0.05) by Mann-Whitney U test. (B–E) The PCS vaccine
group showed significantly lower levels of several cytokines at indicated time points than the control group. Data are presented as values from individual
animals with mean ± SEM. *P < 0.05, **P < 0.01 (Mann-Whitney U test). (F) Comparisons of the cytokines in B–E at the fourth boost (week 72) and 1 week
after (week 73). (G) Comparisons of the cytokines in B–E at the fourth boost (week 72) and 18 weeks after (week 90).

types of cellular immune responses to PCS antigens can be generated following vaccination.
The PCS vaccine generated PCS-peptide-specific CD8+ T memory and CD4+ Treg cells. We characterized the T cell subsets after
immunization. PBMCs from week 90 (prechallenge), without
6432
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antigen stimulation (ex vivo), or stimulated with a pool of PCS
peptides (PCS1–12), were analyzed by flow cytometry (Figures
3 and 4 and Supplemental Figure 6). Different cellular markers
(49–51) were chosen to differentiate CD4+ and CD8+ T cell subsets including naive and memory T cells (CCR7 and CD45RA) (52,
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Figure 3. The PCS vaccine induced CD4+ and CD8+ T cell responses (ex vivo). (A–J) PBMCs from the prechallenge time point (week 90) without antigen
stimulation were analyzed by multicolor flow cytometry. Definition of T cell subsets based on cellular markers. Tcm, central memory T cells; Tem, effector
memory T cells; Temra, CD45RA+ effector memory T cells. Gating strategy is shown in Supplemental Figure 6, A–J: comparisons of cellular subsets between
the control and PCS vaccine group. Data are presented as values from individual animals (n = 8) with median lines. Statistical significance of differences
was determined by Mann-Whitney U test. *P < 0.05, **P < 0.01.

53), Th17 cells (IL-17A and CCR5) (4, 54), and Treg cells (CD25,
FOXP3, and CD127) (54), together with activation and differentiation markers including CD38, CD69, CD107a, Ki-67, PD-1, IL-2,
TNF-α, IFN-γ, MIP-1β, and IL-10.
With PCS peptide stimulation the PCS vaccine group had a significantly higher frequency of CD8+ central memory T cells (CD8+
Tcm: CD8+CCR7+CD45RA–) (Figure 4E). Higher proportions of
these CD8+ Tcm cells expressed CD107a (Figure 4F), an indication
of better potential in killing virus-infected cells. Thus, PCS vaccine
immunization generated PCS-peptide-specific CD8+ Tcm cells that
have better antiviral potential. However, the PCS-vaccinated monkeys had fewer CD8+ Tcm cells expressing IFN-γ (Figure 4G).
Antigen-specific Treg cells protect against aberrant immune
responses (51). The frequency of PCS-peptide-specific effector
memory CD45RA+ Treg cells (Treg EMRA: CD4+CD25+FOXP3+
CD45RA+CD127–) in the PCS vaccine group was higher, and
a higher proportion of PCS-peptide-specific naive Treg cells
(CD4+CD25+FOXP3+CD45RA+CD127+) expressed immunoregulatory cytokine IL-10 compared with that of the control group (Figure 4, J and K). Thus, the PCS vaccine group may have a balanced
antiviral immune response and immune activation.
The PCS vaccine generated reduced immune activation. The PCS
vaccine group had a lower frequency of viral target cells. These
included a lower frequency of CD4+ terminal effector T cells
(CD4+ Temra: CD4+CCR7–CD45RA+) (Figure 3A) and lower CCR5
expression of Th17 naive cells (Figure 3F) under ex vivo conditions.
With PCS peptide stimulation the PCS vaccine group had fewer
CD4+ effector memory T cells (CD4+ Tem: CD4+CCR7–CD45RA–)
(Figure 4A), and their CD4+ naive T cells and Th17emra cells had
lower CD107a expression (Figure 4, D and H). Furthermore, in the

PCS vaccine group these viral target cells were less activated, as
fewer of the CD4+ Temra cells expressed TNF-α (Figure 3C), and
the amounts of proliferation marker Ki-67 and proinflammatory
cytokine TNF-α expressed by these cells were also significantly
lower (Figure 3, B and D).
The overall immune activation status of the PCS vaccine
group is also shown by their CD8+ T cells. Under ex vivo conditions the PCS vaccine group had a lower frequency of CD8+ Th17
naive cells (Figure 3G) and lower CCR5, CD38, and CD69 expression on these cells (Figures 3, H–J). Their CD8+ terminal effector
T cells (CD8+ Temra: CD8+CCR7–CD45RA+) also expressed lower
levels of TNF-α (Figures 3E). With PCS peptide stimulations the
frequencies of CD8+ Th17cm cells of the PCS vaccine group was
significantly lower than that of the controls (Figure 4I). CD8+ Th17
cells are considered to be important in inflammatory disease (55–
57). Thus, immunization with the PCS vaccine generated fewer
virus-susceptible target cells and lower immune activation.
Of note, although the frequencies of viral target cells were
lower in the PCS vaccine group, the CD45RA expression on
CD4+ Temra cells and CCR7 expression on CD4+ Tcm cells (CD4+
CCR7+CD45RA–) were significantly higher in the PCS vaccine
group (Figure 4, B and C).
Immunologic correlates of vaccine protection. We conducted statistical analysis to identify potential immunologic factors that might
be correlated with protection against acquisition of SIVmac251
infection in the PCS-vaccinated group. We assessed immunological
measurements, including CVL mucosal inflammatory cytokines,
CVL and plasma antibodies, PBMC cytokine-producing antigen
recall responses, and CD4+ or CD8+ T cell subsets (memory, IL-17A+
and Treg, ex vivo or Ag recall) from the peak (week 73) and prechaljci.org   Volume 130   Number 12   December 2020
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Figure 4. The PCS vaccine induced CD4+ and CD8+ T cell responses (recall). (A–K) PBMCs from the prechallenge time point (week 90) stimulated with antigen (total PCS peptide pool: PCS1–12) were analyzed by multicolor flow cytometry. Definition of T cell subsets based on cellular markers. Tcm, central memory T cells; Tem, effector memory T cells; Temra, CD45RA+ effector memory T cells. Gating strategy is shown in Supplemental Figure 6, A–K: comparisons
of cellular subsets between the control and PCS vaccine group. Data are presented as values from individual animals (n = 8) with median lines. Statistical
significance of differences was determined by Mann-Whitney U test. *P < 0.05, **P < 0.01, ***P < 0.001.

lenge (week 90) time points. The Spearman rank correlation was
first used to assess individual immunological correlates of protection (CoPs) observed in the PCS vaccine group, defined as the number of challenges required for SIVmac251 infection. The identified
CoPs (Table 2) (positive Spearman’s ρ with P < 0.05, unadjusted for
multiple inference) include (i) cytokines secreted by PBMCs (peak
time point) after PCS peptide stimulations, comprising RANTES
and IL-6 (to PCS1–4 peptides) and MIP-1α (to PCS9–12 peptides);
(ii) the frequency of CCR5-expressing Th17 Tem (CD4+IL-17A+
CCR7–CD45RA–) cells (prechallenge time point, ex vivo); (iii) the
frequency and intensity of CCR5-expressing CD8+IL-17A+ Tem
cells (CD8+IL-17A+CCR7+CD45RA–) (prechallenge time point,
ex vivo); and (iv) the frequency of the PCS-peptide-specific Treg
effector memory cell population (PD-1+CD4+CD25+FOXP3+
CD45RA+CD127–) (prechallenge). These results suggested that protection was significantly correlated with T cell responses. However,
no significant associations with antibody response were observed.
Several immune correlates of risk (CoRs) (defined as negative
Spearman’s ρ, with P < 0.05, unadjusted for multiple compari6434
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sons) were also identified, including CVL mucosal IL-1α level at
the peak and prechallenge time points, CVL mucosal antibodies
against PCS1, -3, -4, -5, and -9 at the peak time point, as well as the
frequency or intensity of several activation or differentiation makers on subsets of CD4+ or CD8+ memory, IL-17A+, or Treg cells at
the prechallenge time point (Supplemental Table 8). These CoRs
appear to relate to inflammation, immune activation, and SIV target cell availability.
To explore more potential CoP/CoRs, especially combinations
of immunological predictors that might act together to protect the
vaccinated animals, we performed a multiple regression analysis
of the immunological data using the LASSO (least absolute shrinkage and selection operator) (Figure 5). Although the risk of overfitting is large, and R2 optimistic (R2 = 0.964) in this situation, the
LASSO regression model nevertheless identified 6 potential predictors, all from prechallenge T cell subsets, 5 of which were not
identified via the single predictor Spearman’s correlation analysis
(Figure 5A, Table 3, and Supplemental Table 9). Individually, these
predictors also positively correlated with many other immunolog-
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Table 2. Immune correlates of protection (CoPs)
Immune response
Type
Cytokine secretion (Ag recall)
Cytokine secretion (Ag recall)
Cytokine secretion (Ag recall)
CD4+IL-17+ T cells (ex vivo)
CD8+IL-17+ T cells (ex vivo)
CD8+IL-17+ T cells (ex vivo)
CD4+CD25+FOXP3+ T cells (Ag recall)

Subtype
RANTES
MIP-1α
IL-6
CCR5+% of CD4+IL-17+CCR7–CD45RA–
CCR5+% of CD8+IL-17+CCR7+CD45RA–
CCR5 MFI of CD8+IL-17+CCR7+CD45RA–
PD-1+% of CD4+CD25+FOXP3+CD45RA+CD127–

Antigen
PCS1–4 peptide pool
PCS9–12 peptide pool
PCS1–4 peptide pool
N/A
N/A
N/A
PCS1–12 peptide pool

Correlation with no. of challenges
(Spearman’s rank)
Time point
Peak
Peak
Peak
Prechallenge
Prechallenge
Prechallenge
Prechallenge

ρ
0.8500
0.7798
0.7148
0.7750
0.8539
0.7563
0.8660

P
0.0075
0.0225
0.0463
0.0239
0.0070
0.0299
0.0054

Immune factors significantly correlating with number of challenges needed to cause infection were determined by Spearman’s rank correlation analysis.
Ag, antigen (used to quantify antibody or to stimulate cells); CVL: cervicovaginal lavage; N/A, not applicable; Ab, antibody; MFI, mean fluorescence
intensity. Peak time point: week 73 of vaccination schedule (1 week after final vaccination boost). Prechallenge time point: week 90 of vaccination
schedule. Ex vivo: peripheral blood mononuclear cells (PBMCs) were not stimulated with Ag. Ag recall: PBMCs were stimulated with Ag in culture. All
analyses were conducted in the PCS vaccine group (n = 8).

ical variants by Spearman’s rank correlation analysis (Figure 5B
and Supplemental Table 9).
The 3 predictors with positive coefficients in the LASSO model were correlated with several cytokine-producing antigen recall
responses at the peak or prechallenge time point. They were also
positively correlated with the frequency or expression intensity of
CD107a, TNF-α, MIP-1β, CD38, IFN-γ, IL-2, or CD69 in several
T cell subsets (Th17em, Th17cm, CD8+IL-17A+ Tcm/em, CD8+
T naive/em, CD4+ Temra, CD4+/CD8+ Treg naive or CD4+ Treg
resting memory) either under ex vivo conditions or after PCS peptide stimulations at the prechallenge time point (Figure 5B and
Supplemental Figures 7–9). The predictor CD4TregEmPD1, the
frequency of PCS-peptide-specific Treg effector memory cells,
was strongly correlated with 14 variants. Seven of the 14 variants
plus the predictor itself also individually significantly correlated
with vaccine protection.
The 3 predictors with negative coefficients in the LASSO model positively correlated with the fold change of 2 CVL mucosal
cytokines, RANTES and IL-17A, at the prechallenge time point,
and with CVL antibodies against PCS4 and PCS5 at the peak
time point (Figure 5B and Supplemental Figures 10–12). The predictor CD4TreNPD1m, the PD-1 expression on naive Treg cells,
appeared to play an important role in regulating proliferation of
several T cell subsets, as shown by its significant correlation with
Ki-67 frequency or/and expression intensity in CD4+ and CD8+
T naive, Tem, Tcm, and Temra cells under ex vivo conditions or
after PCS peptide stimulations. CD4TreNPD1m also correlated
with the frequency or/and expression intensity of CD38, IFN-γ,
and PD-1 in CD8+IL-17A+ T naive, CD8+ Temra, and CD4+ Treg
effector memory under ex vivo conditions and/or after PCS peptide stimulations (Supplemental Table 9). The other 2 predictors
with negative coefficients in the LASSO model, CD8TregCmIL10
and CD4TreCmCD38, significantly correlated with the frequencies of CCR5+ Th17 naive cells after PCS peptide stimulation. The
frequencies of these 2 central memory Treg cells significantly correlated with the frequency or expression intensity of IL-10, CD38,
CD69, MIP-1β, and PD-1 in CD4+ Treg naive, CD4+ Treg effector
memory, CD8+ Treg naive, CD8+ Treg RM, CD8+ Treg effector

memory, or CD8+ Treg central memory cells under ex vivo conditions or after PCS peptide stimulations (Supplemental Table 9).
These 2 predictors also correlated with the expression intensity
of CD107a in CD8+IL-17A+ T naive, CD8+IL-17A+ Tem, and Th17
Temra cells, as well as the expression intensity of CD38 and IFN-γ
in Th17emra cells (Supplemental Table 9).
Of the 6 predictors identified by the LASSO model, 4 are
PCS-peptide-stimulated Treg cells. These antigen-specific Treg
cells appear to act together with PCS-peptide-specific IL-2+CD8+
Tcm cells and PCS-peptide-specific CD107a+IL-17+CD8+ Tem
cells to regulate the immunological microenvironment in the
vaccinated macaques and contribute to the effective protection
against pathogenic SIVmac251 acquisition.

Discussion

The development of an effective HIV vaccine is faced with significant challenges. HIV has the formidable capacity to mutate its
genome and evolves rapidly to evade immune recognition (58–
60). It targets CD4+ T cells and thrives in an activated immune
environment, distinguishing it from other infectious pathogens
(4, 5). The knowledge gained from prior HIV vaccine development
(61) and from the natural immunity of highly exposed seronegative individuals (9) are important in developing an effective HIV
vaccine. Traditional candidate vaccines have been based on fulllength HIV proteins such as Env and Gag, which contain multiple immunodominant decoy epitopes that may divert immune
responses away from targeting protective epitopes or enhanced
activation of CD4+ T cells (62, 63). It has been proposed that the
increased risk of infection observed in the vaccinees of the STEP
(HVTN 502) and Phambili (HVTN 503) trials may have resulted
from increased activation of mucosal CD4+ T cells following vaccination (6, 64, 65). This hypothesis is supported by preclinical data
of similar vaccine studies in NHPs (6, 64, 65). In the RV144 trial,
the ALVAC vaccine used for prime was found to have much lower immunogenicity than the highly immunogenic Ad5 vaccine in
the STEP trial (66, 67). An NHP study mimicking the RV144 trial
and its follow-up African trial observed that replacing the vaccine
adjuvant alum with more immunostimulatory MF59 resulted in
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Figure 5. Immune predictors identified by LASSO analysis predict vaccine
efficacy. (A) LASSO model: Plot of actual versus predicted numbers of
challenges from the identified immune predictors. (B) Networks of the
identified immune predictors with other immune variants positively
correlated the identified predictors by Spearman’s rank analysis (Supplemental Table 9). The 6 identified predictors (Table 3) are labeled as big
circled nodes in different colors. Green: predictors with positive coefficient;
blue: predictors with negative coefficient. Close-up view of the networks is
available in Supplemental Figures 7–12.

6436

jci.org   Volume 130   Number 12   December 2020

RESEARCH ARTICLE

The Journal of Clinical Investigation  

These cellular responses that we observed in the blood
may not reflect the ones in the mucosal tissue. Evaluation
of cellular responses in the mucosal tissue for correlation
with the one observed in the blood would be an importPredictor no.
Predictor name
Immune variants
Coefficients
ant future study. From analysis of CVL mucosal cytokines
+
+
P1
CD4TregEmPD1
CD4 Treg EM PD-1 %
2.1849
during immunization we did observe a temporal increase
+
+
+
0.7559
P2
CD8IL17EmCD107
CD8 IL-17A Tem CD107a %
+
+
in MCP-1 (CCL2) in the PCS vaccine group after each
0.1289
P3
CD8TcmIL2
CD8 Tcm IL-2 %
+
+
immunization (Figure 2A). MCP-1 is secreted by many cell
–1.2588
P4
CD4TreNPD1m
CD4 Treg Naive PD1 MFI
types, including monocytes, macrophages, and epithelial
–3.6970
P5
CD8TregCmIL10
CD8+ Treg CM IL-10+%
cells (88). In addition to its role in driving the chemotax–5.3712
P6
CD4TreCmCD38
CD4+ Treg CM CD38+%
is of myeloid and lymphoid cells (88), the cells secreting
y = 10.8932 + (2.1849 × P1) + (0.7559 × P2) + (0.1289 × P3) – (1.2588 × P4) – (3.6970 ×
MCP-1, monocytes and macrophages, were also involved
P5) – (5.3712 × P6).
in establishing innate memory of immune tolerance (89).
The PCS-vaccination-induced Treg cells, which apparently
play an important role in the immune microenvironment,
warrant further investigation. It is possible that innate responsloss of the protective effect (68). Such data need to be considered
es contributed by MCP-1 (CCL2) and monocytes/macrophages
in development and evaluation of future HIV vaccines. Our data
may work together with PCS-associated T cell responses leading
indicate that the PCS vaccine may obviate some of these concerns
to protection, since another study has shown that monocytes and
and can provide more than 80% protection to macaques against
higher levels of plasma CCL2 were associated with decreased risk
repeated intravaginal SIVmac251 challenge.
of SIVmac251 acquisition (90).
MCMs are susceptible to SIV and SHIV infection and have a
The PCS vaccine generated a focused and modest magnitude
natural course of SIV/SHIV infection leading to simian AIDS that
of protective immune responses. These antiviral immune responsrecapitulates HIV infection in humans. Thus, they are considered
es in combination with low inflammation and reduced CD4+
a valid vaccine model (24, 69–82). They are comparable to rhesus
macaques in terms of viral infectivity and peak VL level based on
CCR5+ viral target cells appear to be sufficient to prevent pathogeninoculation through oral and rectal mucosal routes (83). Furtheric SIVmac251 acquisition. Because most sexual HIV transmission
more, SIVmac251 is highly pathogenic, with significant genetic
was initiated by a single founder virus (91, 92), a focused, modheterogeneity (82). Moreover, the repetitive low-dose SIVmac251
est-magnitude, and well-regulated antiviral immune response
intravaginal challenges used in our studies employed virus titers
might be enough to prevent viral establishment and propagation,
far exceeding the average HIV VL in human semen (84–86).
as demonstrated in this study.
The overall efficacy of the PCS vaccine is among those of the
In conclusion, we demonstrate that an HIV vaccine candidate
best protective vaccines thus far tested in NHP/pathogenic SIVthat focuses immune response on sequences surrounding the 12
mac251 models (23, 27, 87). The PCS vaccine elicited focused
PCSs can protect female macaques from pathogenic SIVmac251
immune responses to the functionally critical part of the virus —
intravaginal acquisition. For the first time to our knowledge, a cansequences surrounding the PCSs. PCS-specific CD8+ Tcm cells
didate HIV vaccine without full-length Gag and Env immunogens
has demonstrated significant protection. Our study also showed
with higher killing potential for virus-infected cells were among
that PCS-specific CD8+ Tcm and Tem cells, and PCS-specific
the T cell responses that correlated with vaccine efficacy. The
mucosal inflammation induced by the PCS vaccine is low. The
CD4+ and CD8+ Treg cells, correlated with vaccine efficacy. Thus,
amount and activation of viral target T cells in the blood was sigthese data suggest that an effective prophylactic HIV vaccine
nificantly lower in the PCS vaccine group than that in the control
needs to not only generate effective antiviral immune responses
group. The PCS-vaccine-immunized monkeys had significantto kill infected cells, but also regulate the immune responses and
ly lower CCR5 expression in Th17 cells, lower frequencies of
control immune activation and inflammation.
CCR5+IL-17A+CD8+ T naive cells, and lower expression of activaAlthough this study shows that the PCS vaccine is effective in
preventing infection of a highly stringent NHP/SIVmac251 intration markers CD69 and CD38. These are relevant to HIV infection
vaginal challenge model, human clinical trials will constitute the
because Th17 cells are preferential targets for productive infection
ultimate test. Such trials will be facilitated by the detailed infor(55, 56) and IL-17A+CD8+ T cells also are thought to play a role in
mation of T cell epitopes surrounding the 12 HIV PCSs of major
immune pathology that contributes to the maintenance of target
HLA class I alleles in the world populations (12), together with the
cell populations for HIV infection (57). Thus, the PCS vaccine limimmune correlates of protection identified in this study.
ited the availability of viral target cells. Furthermore, the PCS-vaccinated monkeys had higher frequencies of PCS-specific CD4+
Treg EMRA and CD4+IL-10+ Treg naive cells than controls; thus,
Methods
they may be better able to regulate antiviral immune responses.
Additional details are provided in Supplemental Methods.
Six predictors identified using the LASSO model that predicted
Study design. Vaccine efficacy against acquisition of infection was
vaccine efficacy are all PCS-specific T cell responses including 4
evaluated in female MCMs receiving repeated low-dose intravagiPCS-specific Treg cell populations and 2 PCS-specific CD8+ Tcm/
nal challenges by SIVmac251, which mimics natural HIV infection
Tem cell populations. This suggests that regulation of anti-SIV
through the female genital tract. Sample sizes were determined using
CD8+ T cell responses is important.
the parameters described in previous studies (93). An infection rate of

Table 3. The identified predictors and their coefficients of LASSO model
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0.4 among control macaques and an interval of 2 weeks between each
challenge of the mucosal repeated low-dose regimen were estimated
from our pilot study. Statistical power was then calculated based on
assuming an infection rate of 40% per exposure and a susceptibility
to infection of 85% in control animals at the endpoint of the sixth viral
challenge, when the majority of control macaques become infected.
To achieve 80% statistical power with a 2-sided type I error rate less
than 0.05, a total of 16 female MCMs were required and assigned to 2
groups (8/group): the PCS and sham control vaccine groups.
Experimental animals. All animal work was carried out at the Wisconsin National Primate Research Center. We conducted vaccine
evaluation using the MCM/SIVmac251 infection model. MCMs are
abundant in supply, and have simple MHC genotypes (with only 7
MHC haplotypes; refs. 69, 70, 94–98). Their infection by SIVmac251
leads to peak and set-point VLs and a disease progression pattern that
closely mimic human HIV infection (70, 99, 100). This infection model has proven stringent for testing prophylactic vaccines; none of the
vaccines previously tested in this model has demonstrated significant
efficacy against acquisition of SIVmac251 (or SIVmac239) infection
(24, 70, 73–77, 79–81, 101–111). Additional animal information, concerning grouping, ID, gender, age, weight, and MHC haplotypes, is
summarized in Supplemental Tables 1 and 2.
Immunization scheme. The PCS vaccine contained twelve 20-mer
peptides, derived from the 12 PCSs of SIVmac239 (10 amino acids
flanking each side of the cleavage site) (13, 112). These peptide immunogens were delivered as recombinant vesicular stomatitis viruses (rVSVpcs) or biodegradable nanoparticles (NANOpcs) (13). The
rVSVpcs consisted of 12 different rVSV viruses, each delivering 1 PCS
peptide (PCS1, PCS2, …, or PCS12) and the NANOpcs was formed
by a pool of 12 formulations, each made of chitosan/dextran sulfate
nanoparticles containing a unique PCS peptide (13). The rVSVpcs and
NANOpcs in combination are referred to as the PCS vaccine. The
sham control vaccine was rVSV vector (rVSVvt) virus (without SIV
immunogen insert) and sterile water (NANO vehicle) (13). In choosing
the control for NANO, we considered the possibility that certain types
of nanoparticles may activate the immune system by their own. However, this is not a common observation (113). In particular, our experience with nanosystems made of GMP-grade chitosan and dextran
sulphate indicates that these nanoparticles do not elicit a significant
immune activation in the absence of antigens (114). Thus, we could
assume that the chitosan/dextran sulphate nanoparticles used in the
study are not expected to elicit an immune response and particularly
any protective response. We therefore used sterile water as a simple
format of control for NANO. The vaccination scheme was described
previously (13), consisting of a prime (with rVSV at week 0) and 4
boosts (first boost: rVSV + NANO at week 6, second boost: NANO at
week 16, third boost: rVSV + NANO at week 51, and fourth boost: rVSV
at week 72). rVSVs were administered intramuscularly at a dose of 2
× 107 pfu/animal (i.e., 1.67 × 106 pfu/rVSVpcs type/animal × 12 PCS
types = 2 × 107 pfu/animal for the PCS vaccine group, or 2 × 107 pfu of
rVSVvt/animal for the control group), except that, in the fourth boost,
1 × 108 pfu of each rVSVpcs or rVSVvt was used. NANOpcs was administered intranasally at a dose of 50 μg peptide/PCS type/animal × 12
PCS types = 600 μg/animal.
Repeated low-dose intravaginal SIVmac251 challenges. SIVmac251
viral stock (“Desrosiers” 2010 day 8 viral stock generated using rhesus PBMCs) was supplied by the NIH Vaccine Research Program,
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Preclinical Research and Development Branch, Bethesda, Maryland,
USA (Jon Warren and Nancy Miller). Challenges were carried out
every 2 weeks starting 24 weeks after the last vaccination boost. The
vast majority of SIV challenges in previous studies were performed
weekly (23, 26, 115), while viral acquisition status was monitored
by quantification of plasma VL. However, establishment of systemic infection can take up to 10–14 days (54). Potentially, some slowly establishing infections may not be detectable within 1 week after
challenge by the routine method of plasma VL measurement (86).
Therefore, using the weekly challenge protocol, an infection identified during a later challenge round may actually have been acquired
in an earlier round, leading to an overestimation of vaccine efficacy.
In this regard, we carried out challenges every 2 weeks, and plasma
VL was quantified on days 6, 10, and 14 of each challenge round
(any animal found infected was not challenged further). Indeed, we
found that in some cases an infection could remain below the detectable level until as late as 14 days following a challenge (Supplemental Table 3). In addition, we took into consideration that in females,
susceptibility to vaginal HIV infection could be affected by phases of
the menstrual cycle. It was reported that the susceptibility is higher
in the luteal phase than in non-luteal phases (116–120). Our 2-week
challenge cycle was designed to maximize the chance for even distribution of challenges in the luteal versus non-luteal phases, since
the luteal phase constitutes approximately half of a 4-week menstrual cycle. It was confirmed that in both the control and PCS vaccine groups challenges fell in the luteal and non-luteal phases nearly
equally, without any significant difference between the 2 groups (Supplemental Figures 1 and 2).
Intravaginal challenges were performed by atraumatically delivering 250 × 50% tissue culture infectious doses (TCID50) of SIVmac251
in 1 mL of saline or tissue culture medium to the vagina while the
animal was anesthetized as described below. The virus was delivered
using a TB syringe with the needle removed (or using a TB syringe
with a rounded end gavage tube). The syringe was gently inserted into
the vagina approximately 4 cm, then withdrawn slightly and the dose
was injected slowly over 1 minute, and then the animal’s pelvic region
kept elevated up to 30 minutes before returning the animal to its cage.
When withdrawn, the syringe was examined to ensure that there was
no trauma to the vagina inflicted by the syringe (in which case blood
would be visible).
Flow cytometry. PBMCs with minimal manipulation (ex vivo) or
with stimulation by the total PCS peptide pool (PCS1–12, Supplemental Table 11) were transferred to 12 × 75 mm polystyrene tubes (BD Falcon) and washed with FACS wash (PBS supplemented with 2% FBS).
Three sets of fluorochrome-labeled antibody cocktails (Thermo Fisher
Scientific and BD Biosciences, Supplemental Table 13) were prepared,
added to the washed PBMCs, and incubated at room temperature for
30 minutes in the dark. Following the surface staining, 500 μL FACS
wash was added to each tube to wash the cells followed by centrifugation at 1500 rpm for 5 minutes with low brakes. Next, the cells stained
with extracellular antibodies for panels 1 and 3 were permeabilized
using 150 μL Cytoperm/Cytofix (BD Biosciences) for 10–15 minutes,
while those for panel 2 intracellular cytokine staining (ICS) were fixed
using 2 mL of 1× FOXP3 buffer (BD Pharmingen) for 10–15 minutes.
The cells (panels 1–3) were then washed using FACS wash, and incubated with ICS panel 1 and 3 antibodies for 30 minutes. Alternatively,
the cells (panel 2) were further permeabilized using 1× Human FOXP3
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Buffer C (BD Pharmingen) for 30 minutes, washed using FACS wash,
and finally incubated with a cocktail of ICS antibodies. Following the
ICS antibody incubation, the cells (panels 1–3) were washed using
FACS wash, and 300 μL 1% formaldehyde with 1× PBS was added to
each tube. Flow cytometry analysis was done on a multicolor BD LSRII
cytometer with data acquisition using BD FACSDiva software. Data
analysis was carried out using FlowJo (courtesy of African HIV/AIDS
program/TreeStar).
Data and materials availability. The authors declare that the data
supporting the findings of this study are available within the paper and
its supplementary information files. The data that support the findings of this study are available from the corresponding author upon
reasonable request. The materials can be made available upon request
through an MTA.
Statistics. Time to infection in each group, measured by the number of challenges required to acquire infection and censored following
challenge 6 on day 84, was summarized using Kaplan-Meier survival
curves and compared using the log-rank test; vaccine efficacy (%) was
evaluated as (1 – hazard ratio) × 100 in a proportional hazard regression model. Spearman’s rank correlations were used to assess the
associations between each immune factor and the number of challenges to infection. Immune responses were compared between the
vaccine and control groups using the Mann-Whitney U test. For each
of the above tests, P less than 0.05 was considered significant, without
adjustment for multiple inferences.
LASSO analysis for a predictive model of vaccine efficacy. Our Spearman’s rank analysis considered each immunologic measure individually. To identify potential combinations of immunological predictors
of resistance or susceptibility, we also performed a multiple regression analysis. We used a linear model for the number of challenges
survived versus the available biological measurements due to the
small numbers of monkeys in each group. The linear model was fitted using the LASSO, a variant of least-squares regression with an L1
regularization term, implemented in the Python scikit-learn library
v0.20.3 (121). This regularization forces most of the coefficients in
the final model to be zero and selects only the most important features, to a maximum of 7 features for a group of 8 animals, before estimating the final model. The regularization parameter was selected
using a leave-one-out cross-validation strategy to achieve the lowest
squared prediction error averaged across the fitted models. Each feature was scaled to range from 0 to 1 to facilitate the interpretation of
the regression coefficients.
Study approval. All animal experiments were approved by the
University of Wisconsin (Madison, Wisconsin, USA) IACUC protocol
(G005765) in accordance with the US Animal Welfare Act and following the recommendations of the National Research Council Guide for
the Care and Use of Laboratory Animals, 8th edition (National Academies Press, 2011), and the Weatherall report, “The Use of Nonhuman
Primates in Research.” The Wisconsin National Primate Research
Center (Madison, Wisconsin, USA) is fully accredited by AAALAC
under the University of Wisconsin, Division of Vice-Chancellor for
Research and Graduate Education.
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