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ABSTRACT To identify strategies for augmenting vaccine immunogenicity, we 
compared a pox-protein prime-boost regimen comprising recombinant modified 
vaccinia virus Ankara and multimeric HIV-1 Env gp145, adjuvanted with Army Liposo­
mal Formulation (ALF) either adsorbed to aluminum salt (ALFA) or formulated with the 
QS-21 saponin (ALFQ), in rhesus macaques. ALFQ promoted greater magnitude and 
more durable humoral and cellular immune responses than ALFA, which exhibits similar 
immunogenicity to aluminum-based adjuvants. Peak Env-specific CD4+ T cell responses 
assessed by intracellular cytokine staining were 10-fold greater with ALFQ, and CD8+ 

T cell responses were unexpectedly robust, averaging greater than 1%. ALFQ induced 
higher levels of several immunostimulatory cytokines in plasma, which correlated with 
adaptive immune responses. However, vaccination did not protect against heterologous 
intrarectal challenge with transmitted/founder SHIV-CH505. We provide evidence that 
CH505 Env may maintain a relatively closed conformation, rendering it less susceptible 
to targeting by Fc-mediated antibody functions. Overall, ALFQ is a promising adjuvant to 
improve antibody and T cell response magnitude.

IMPORTANCE An effective and durable vaccine preventing HIV-1 acquisition is urgently 
needed to end the HIV-1 pandemic. To date, of the nine vaccine efficacy trials conducted 
in humans, only the RV144 vaccine trial demonstrated efficacy in reducing infections, 
although immune responses waned rapidly. We evaluated a modified HIV-1 vaccine 
regimen incorporating next-generation adjuvants to improve immune responses and 
vaccine efficacy in a gold standard, pre-clinical primate model. Adjuvanted protein 
boosting markedly increased antibody, T cell, and pro-inflammatory response magni­
tude. These data, combined with the adjuvant’s strong safety and immunogenicity track 
record in clinical trials, indicate that novel adjuvants represent a promising strategy for 
improving immune responses to protein immunogens. Future vaccine regimens against 
HIV-1 and other pathogens for which eliciting robust immunity has been difficult may 
benefit from incorporating these or related next-generation adjuvants.

KEYWORDS rhesus macaque, CD8+ T cell response, pox viral vector, next-generation 
liposomal adjuvant, ALFA, ALFQ adjuvants, SHIV challenge, immune response boosting, 
HIV-1 vaccine

A n effective, durable, and accessible preventive strategy for HIV-1 is an urgent unmet 
public health need, with 1.3 million new HIV-1 infections in 2024 (1). To date, 

of the nine HIV-1 vaccine efficacy trials conducted in humans over the past 25 years, 
only the 2009 RV144 “Thai” trial demonstrated efficacy. The early VAX003 and VAX004 
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trials evaluating a gp120 protein immunogen failed to elicit the intended objective of 
neutralizing antibody responses (2, 3). While neutralizing antibodies remain a key 
goal for HIV-1 vaccine development, such responses have proven exceedingly difficult to 
achieve. Alternative vaccine strategies focusing on T cell responses using recombinant 
adenoviral serotype 5 (Ad5) vector also proved futile in the HVTN502 and HVTN503 
trials (4, 5), as well as in HVTN 505, which incorporated a DNA prime (6). More recent 
trials (MOSAICO and IMBOKODO) aiming to elicit both T cell and antibody responses 
with an Ad26 mosaic prime and protein boost also failed to demonstrate protective 
efficacy (7), posing a major blow to the HIV-1 vaccine field with few remaining products 
in clinical development. In RV144, priming with ALVAC-HIV, a canarypox vector encoding 
env, gag, and pol, and boosting with AIDSVAX-B/E, a bivalent gp120 glycoprotein vaccine, 
achieved 60.5% efficacy at 12 months and 31.2% efficacy 3.5 years post-vaccination 
(8, 9), suggesting rapid waning of protective immune responses. Efficacy in this range 
was insufficient for product licensure. The follow-up HVTN702 trial conducted in South 
Africa sought to reproduce the RV144 outcome but was not efficacious (10). As a 
result, enthusiasm for pox-protein HIV-1 vaccination strategies is greatly diminished, 
although it has been argued that the numerous differences between the two trials 
limit the bearing of HVTN702 results on RV144 findings (11). There is now renewed 
emphasis on vaccines capable of eliciting neutralizing antibody responses, as well as 
acknowledgment that an effective vaccine will benefit from engaging multiple branches 
of immunity associated with lowering HIV-1 risk. Identification of strategies to enhance 
the magnitude, durability, and functionality of these vaccine-elicited adaptive immune 
responses has the potential to improve the effectiveness of future vaccines.

The partial efficacy of the RV144 trial allows assessment of immune responses 
associated with protection in a human vaccine trial. Correlates of reduced risk identi­
fied in the RV144 trial include HIV-1 envelope (Env)-specific IgG binding to the V1V2 
region, low levels of Env-specific IgA in plasma, IgG3-mediated antibody-dependent 
cellular cytotoxicity (ADCC), antibody-dependent cellular phagocytosis (ADCP), and the 
magnitude and polyfunctionality of CD4+ T cells (12–14). IgG3 and ADCP were also 
associated with decreased risk of HIV-1 infection in the HVTN505 study, despite the lack 
of overall efficacy in this trial (15). Additional insight into protective immune responses 
has been gleaned from non-human primate challenge studies. Considerable evidence 
indicates that neutralizing antibodies against the Env protein mediate protection from 
HIV-1 acquisition, including correlations with reduced infection risk in NHP vaccine 
efficacy studies (16–21) and lower infection rates following passively administered 
neutralizing monoclonal antibody to individuals at high risk of HIV-1 infection who 
were exposed to sensitive strains (22). However, antibodies capable of neutralizing broad 
HIV-1 strains have yet to be elicited at sufficient titers in humans by vaccination. Other 
NHP trials have demonstrated similar immune correlates as RV144, with non-neutralizing 
binding antibodies (17, 23–26) and antibody effector functions such as ADCP, ADNP, 
and ADCC inversely correlating with infection risk (23, 26–31). These non-neutralizing 
humoral responses, alone or in combination with other adaptive immune responses 
correlated with reduced risk of infection, may be a more achievable vaccine goal than the 
elicitation of broadly neutralizing antibodies.

Adjuvants represent a powerful and understudied tool for modulating HIV-1 
vaccine-induced immune responses. Most vaccines licensed for human use include 
aluminum salt (alum) as an adjuvant, achieving protective levels of immunity for 
numerous pathogens and backed by over 50 years of safety data. However, to over­
come challenges in populations with impaired or senescent immune systems, as well 
as challenges stemming from weaker immunogens, alternative adjuvants have been 
developed and adopted in vaccines such as for herpes zoster, hepatitis B, and human 
papillomavirus. These adjuvants contain monophosphoryl lipid A (MPLA), a toll-like 
receptor 4 agonist, which activates dendritic and myeloid cells to induce an inflamma-
tory response and increase immunogenicity (32, 33). In the case of the highly effective 
Shingrix shingles vaccine, further increases in immunogenicity were achieved through 
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the incorporation of the saponin QS-21, which is contained in the AS01B adjuvant. 
The use of superior adjuvants that enhance vaccine responses represents an important 
consideration for the development of an effective HIV-1 vaccine.

We previously reported greater immunogenicity and efficacy of a pox-protein vaccine 
regimen adjuvanted with MPLA-containing Army Liposomal Formulation adsorbed to 
alum (ALFA) in rhesus macaques than with alum adjuvant alone (28). ALFA adjuvant 
reduced the per-exposure risk of SHIV acquisition by 90% in male macaques. Protection 
correlated with antibody effector functions ADCP and antibody-dependent neutrophil 
phagocytosis (ADNP), immune correlates that are supported by RV144 and other 
macaque HIV-1 vaccine efficacy trials (17, 26, 27, 29). Here, we build on this finding 
by evaluating pox-protein vaccination adjuvanted with Army Liposomal Formulation 
containing QS-21 (ALFQ) (34), a promising adjuvant with demonstrated efficacy and/or 
immunogenicity against multiple pathogens, including SARS-CoV-2 (35–39), Campylo­
bacter jejuni (40), influenza (41), malaria (42), and HIV-1 (43), as well as two completed 
phase 1 studies in humans (38, 44). We compare immunogenicity and efficacy against 
SHIV challenge using either ALFQ or ALFA in macaques to identify adaptive and innate 
immune responses modulated by adjuvanted pox-protein vaccination.

RESULTS

Vaccination schedule

Twenty-seven male rhesus macaques were enrolled in three vaccine arms (n = 9 per 
group) in an HIV-1 vaccine immunogenicity and efficacy study involving a transmit­
ted/founder (T/F) SHIV challenge. Vaccine priming consisted of a mixture of three 
live-attenuated recombinant modified vaccinia virus Ankara (MVA) vectors encoding 
HIV-1 env, gag, and pol from clades A, C, and CRF01_AE (45), followed by boosting 
at months 3, 6, and 12 with the MVA mixture and a multimeric HIV-1 gp145 protein 
(CO6980v0c22, subtype C) (Fig. 1a) (46). This gp145 Env protein spontaneously forms 
multimers, with the trimeric form predominating in the enriched trimeric preparation 
used for the inoculum. The primary objective of our study was to elicit and evaluate the 
protective efficacy of Env-specific humoral responses, with the protein boosts intended 
to focus the immune response on HIV-1 Env. The vaccine design for this study was 
modeled after that of a previous study in which 90% vaccine efficacy was observed in 
male rhesus macaques when gp145 was adjuvanted with ALFA but not with alum (28). 
Here, gp145 was adjuvanted with either ALFA or ALFQ. Control animals received MVA 
constructs lacking HIV-1 inserts and ALFA adjuvant alone.

Magnitude, breadth, and durability of binding antibody responses

To benchmark immune responses elicited between the current study and prior study 
(28), we measured binding antibody titers against the vaccine gp145 envelope by ELISA 
2 weeks following each protein boost (Fig. 1b). At every time point, binding antibody 
titers elicited by ALFA were equivalent, with no statistically significant differences 
between the two ALFA groups or between the ALFA and alum groups. In contrast, the 
ALFQ adjuvant group mounted Env-binding antibody titers higher than those in the 
previous ALFA group at month 3.5 and higher than those in all ALFA and alum groups at 
months 6.5 and 12.5, with titers reaching peak levels in all groups at month 12.5.

Binding, neutralizing, and functional antibody responses were then assessed against 
an antigen panel comprising the vaccine gp145 and two additional clade C Env antigens 
in serum at peak immunogenicity (month 12.5, 2 weeks following the fourth immuniza­
tion) and at a durability time point (month 15, 3 months following the fourth immuniza­
tion). The heterologous SHIV-CH505 and SHIV-1157ipd3N4 (herein named CH505 and 
1157) Env proteins were selected as the primary immunogenicity endpoints because 
they are both widely used in the field, demonstrate a Tier 2 resistance profile by 
neutralization assay (47–49), and one, SHIV-CH505, is a T/F Env (50). Serum IgG endpoint 
titers were ~5-fold greater with ALFQ compared to ALFA against the gp145 immunogen 
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and CH505 gp140 and ~2.5-fold greater against 1157 gp140 (Fig. 1c). Three months 
following the last immunization, binding titers remained significantly higher with the 

FIG 1 Study vaccination schedule and Env-specific antibody binding and effector responses elicited by vaccination. (a) Rhesus macaques were vaccinated at the 

indicated time points (arrowheads) with MVA or MVA and protein/adjuvant. (b) Serum IgG binding antibody responses to CO6980v0c22 multimeric gp145 are 

shown at indicated time points as the area under the curve (AUC) of ELISA binding curves. P values reflect Kruskal-Wallis test with Dunn’s multiple-comparison 

test. (c) Serum IgG binding antibody responses to CO6980v0c22 multimeric gp145, SHIV-CH505, and SHIV-1157ipd3N4 gp140 antigens are shown at peak 

(month 12.5) and 3 months after the last immunization (month 15). ELISA endpoint titer was calculated as the serum dilution giving a signal equal to two 

times the background value of the assay in wells not containing serum. (d) Rectal binding IgG responses at baseline and peak, measured as gp145 binding 

ELISA area under the curve/IgG concentration × 104. (e) Non-parametric Spearman correlation between serum gp145 binding antibody titers at month 12.5 as 

shown in panel c and rectal binding IgG titers as shown in panel d. (f) Env-specific IgG responses to HIV-1 gp140, gp120, and gp70-scaffolded V1V2 antigens in 

serum at the time of challenge (month 15) were measured by BAMA. Paired comparison of group geometric mean AUC for each of the gp140, gp120, and V1V2 

antigens. P values reflect paired Wilcoxon test. Serum ADCP (g) and ADNP (h) responses were assessed using THP-1 monocyte and human neutrophil effectors, 

respectively. Assays were performed with CO6980v0c22 multimeric gp145, SHIV-CH505, or SHIV-1157ipd3N4 gp140 antigens. Gray bars reflect range; black lines 

depict medians; P values in panels c, d, g, and h reflect the Mann-Whitney test comparing ALFA- with ALFQ-vaccinated animals. Symbol colors reflect control 

(black), alum (red), ALFA (blue), and ALFQ (purple) groups.
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ALFQ adjuvant for all three antigens, and all ALFQ-adjuvanted animals maintained 
responses to the heterologous antigens, which was not observed with ALFA. These data 
support elevated peak responses by ALFQ, conferring greater binding antibody response 
breadth and durability. Antibody responses to the vaccine gp145 antigen were also 
present in the rectal mucosa (Fig. 1d), with peak titers in the ALFQ group being 3-fold 
greater in magnitude than those in the ALFA group (P < 0.001). Rectal antibody gp145-
binding responses correlated with those in serum (Fig. 1e), consistent with transudated 
IgG from circulation or FcRn-mediated IgG transcytosis as a source of mucosal antibodies 
(51–54).

To further interrogate binding antibody response breadth, animal sera were assessed 
for Env-specific IgG reactive to a panel of 32 antigens of diverse clades via binding 
antibody multiplex assay (BAMA) (Fig. S1). Binding antibody titers were significantly 
higher using ALFQ adjuvant for multiple gp140, gp120, and V1V2 antigens at both peak 
immunogenicity and 3 months after the vaccine series (Fig. 1f; Fig. S1b; P = 0.008, P = 
0.008, and P < 0.001, respectively). The magnitude of increase was most apparent for the 
V1V2 antigens. Antibody responses against the clade C CH505 and 1157 Env proteins 
measured by BAMA using gp140, gp120, and V1V2 antigens mirrored the overall BAMA 
and ELISA results, with significantly greater magnitude responses achieved by ALFQ than 
ALFA at both peak and durability assessments (Fig. S2).

Effector antibody responses

Fc-mediated antibody effector responses have been implicated in vaccine-mediated 
protection against infection in multiple pre-clinical HIV-1 vaccine studies. We measured 
serum ADCP and ADNP responses against the vaccine gp145, as well as CH505 and 
1157 clade C gp140 antigens, to assess homologous and heterologous responses. These 
antigens are uncleaved, mostly trimeric Env proteins with a relatively open conformation 
(46), relevant for non-neutralizing humoral activity. ADCP responses were higher in 
animals that received ALFQ adjuvant compared to ALFA for CH505, but not the other 
antigens (Fig. 1g). ADNP responses were significantly greater with ALFQ for all three 
antigens, with titers 2- to 5-fold higher 2 weeks after the final immunization and 2- to 
13-fold higher 3 months post-immunization (Fig. 1h). For the heterologous Env antigens, 
durable responses were limited with ALFA adjuvant (P > 0.05 relative to controls), while 
ALFQ promoted persistent ADNP to both CH505 and 1157 gp140. These heterologous 
ADNP effector antibody responses correlated with Env-specific binding IgG responses 
(gp145: P < 0.001, r = 0.96; CH505: P = 0.002, r = 0.69; 1157: P = 0.008, r = 0.60), 
suggesting that the adjuvant-mediated increase in effector antibody responses is likely 
achieved through increasing the overall magnitude of the binding antibody response. 
The ALFQ-adjuvanted vaccine therefore elicited ADCP and ADNP titers of comparable 
or greater magnitude than the ALFA-adjuvanted regimen, which previously achieved 
greater effector antibody responses than the alum-adjuvanted regimen using the same 
immunization regimen (28).

While neutralizing antibodies are generally not elicited by pox-protein vaccine 
regimens and were not the objective of this study, we evaluated neutralizing activity 
against the vaccine homologous and heterologous subtype C strains, CH505 and 1157, 
both with Tier 2 sensitivity. Vaccinated animals did not mount neutralizing antibody 
responses above the background levels seen in control animals (ID50 titers < 100; Fig. 
S3). Taken together, these studies demonstrate that adjuvanting pox-protein vaccina­
tion with a liposomal TLR-4 agonist plus QS-21 promotes greater magnitude binding, 
non-neutralizing effector antibodies with increased breadth than a similar adjuvant 
lacking QS-21.

Substantial antigen-specific CD4+ and CD8+ T cell responses

HIV-1-specific T cells provide critical help for effective adaptive immune responses and 
mediate the killing of infected cells. To assess the impact of adjuvant on T cell responses, 
we measured antigen-specific T cells in peripheral blood mononuclear cells (PBMCs) by 
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in vitro peptide stimulation and staining for intracellular expression of Th1 cytokines. All 
animals mounted Env-specific CD4+ T cell responses within 2 weeks following the second 
immunization (month 3.5), followed by maximal, consistent magnitude responses 2 
weeks following the third and fourth immunizations (months 6.5 and 12.5) (Fig. S4). Peak 
CD4+ T cell responses in the ALFA group averaged 0.3% of the memory subset, consistent 
with levels previously reported for this regimen adjuvanted with either ALFA or alum 
(28) (Fig. 2a). In contrast, ALFQ group responses ranged from 0.5% to 4.5% (mean 2.9%), 
10-fold greater than those observed with ALFA (P < 0.001).

Env-specific CD8+ T cell Th1 responses were also generated by the adjuvanted 
regimens. For ALFA, responses peaked at 0.03–0.5% (mean 0.2%), while those in the 
ALFQ group were several fold greater and ranged from 0.2 to 3.1% (mean 1.2%) (Fig. 2b). 
Peak Env-specific CD4+ and CD8+ T cell responses strongly correlated with one another 
(Spearman r = 0.72, P < 0.001) (Fig. S5), implicating similar or related mechanisms 
governing induction of adaptive T cell responses in the context of adjuvanted pox-pro­
tein vaccination.

To further characterize the functionality of Env-specific CD4+ T cells, two additional 
helper effector molecules were measured: CD40L, a surface protein essential for 
expansion of antigen-specific B cells, germinal center development, and CD8+ T cell 
responses (55); and IL-21, a surrogate marker of peripheral T follicular helper function. 
CD40L+ CD4+ T cell responses were robust and similar in magnitude to the Th1 cytokine 
responses (Fig. 2c). IL-21 was also expressed by a subset of CD4+ T cells elicited by 
ALFQ adjuvant (0.1–0.6%) (Fig. 2d). Both CD40L and IL-21 CD4+ T cell responses were 
significantly greater with ALFQ adjuvant than with ALFA at the peak response and 3 
months after the last immunization.

Polyfunctional CD4+ T cell responses elicited by vaccination correlate with protection 
against infection with multiple pathogens, including HIV-1 in the RV144 clinical trial, 
suggesting that the simultaneous production of multiple cytokines aids in pathogen 
control (56, 57). Therefore, we assessed the quality of the CD4+ T cell response by 
Boolean combinations of Th1 cytokines and CD40L expressed by Env-specific cells. The 
ALFQ-adjuvanted vaccine induced highly polyfunctional Env-specific CD4+ T cells with a 
significantly higher COMPASS polyfunctionality score than the ALFA-adjuvanted vaccine 
at peak (Fig. 2e). For example, a greater proportion of the Env-specific cells expressed 
three or four functions with ALFQ adjuvant at months 6.5 and 12.5 (Fig. 2f). Three months 
post-last vaccination, response polyfunctionality was more comparable between study 
groups. We observed no evidence of Env-specific T cell responses in rectal mucosa (Fig. 
S6).

Adaptive immune responses to MVA viral vector

Since strong CD8+ T cell responses have not previously been observed in studies using 
ALFQ-adjuvanted protein subunit vaccines (35, 58), we investigated potential mecha­
nisms by which the MVA viral vector may have contributed to augmented CTL responses 
in the context of ALFQ. The recombinant MVA vectors encoding HIV-1 gag, pol, and 
env were administered contralaterally to the ALFQ adjuvant, raising the possibility of 
indirect systemic interactions between the viral vector and the adjuvanted protein 
immunizations. We measured MVA-specific immune responses in the form of binding 
antibodies to the vaccinia virus envelope protein by ELISA and T cell responses by ICS 
following MVA co-culture. Humoral responses to MVA increased modestly following the 
second immunization; however, no differences were apparent between study groups 
(Fig. S7a). CD4+ T cell responses to MVA were generally low and limited primarily to the 
control group (Fig. S7b), suggesting T cell responses in the active arms preferentially 
target the HIV-1 inserts over vector epitopes. To test this hypothesis, we measured 
Gag (transgene)-specific T cell responses. CD4+ T cell responses increased among most 
ALFA-adjuvanted animals following the second immunization (Fig. S7d), consistent with 
the T cell responses focusing on the vector inserts rather than the viral vector. Gag-spe­
cific CD4+ T cell responses to the boosting immunization were less apparent within the 
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ALFQ adjuvant group. MVA-specific CD8+ T cells were observed in a subset of animals in 
each group but again did not differ between the ALFA and ALFQ arms (Fig. S7c). Taken 
together, while the MVA vector was immunogenic, eliciting vector-specific adaptive 
immune responses, the magnitude and quality of the vector-specific responses were 
not modulated by the adjuvanted protein immunization. Therefore, the remarkable 
Env-specific CTL responses were unlikely to be the result of ALFQ augmenting MVA 
immunogenicity.

Innate immune activation profiles following immunization

Immunostimulants contained within adjuvants trigger a rapid innate immune response 
characterized by the production of inflammatory cytokines and chemokines, which 
recruit and activate antigen-presenting cells responsible for generating robust adaptive 
immunity. To elucidate differences in innate immune activation elicited by ALFA and 
ALFQ, we measured levels of 23 cytokines/chemokines in plasma 1 day following the 
immunizations at months 0, 3, and 12 using multiplex Luminex assay. The greatest 
increases in cytokine expression were observed for IL-6 (geometric mean, 6.2-fold), a 
cytokine with both pro- and anti-inflammatory effects that can promote IgG secretion 
by B cells (59), and IL-1RA (geometric mean, 8.6-fold), which serves an anti-inflammatory 
role by inhibiting IL-1β-mediated inflammation (Fig. 3a) (60).

These cytokines were elevated by the initial MVA vaccination and were not specific 
to either ALFA or ALFQ adjuvants. Many cytokines were induced at equivalent levels 
following each vaccination, while other cytokines varied by vaccination. For example, 
among controls, IL-1RA induction was less pronounced following the fourth vaccination 
compared to the first, while sCD40L production was greater following the second 
and fourth immunizations (Fig. S8). ALFA-adjuvanted animals displayed a pattern of 

FIG 2 Antigen-specific CD4+ and CD8+ T cell responses. PBMC HIV-1 Env-specific CD4+ (a) and CD8 (b) T cells were measured by ICS for IFNγ, TNFα, and IL-2 2 

weeks following the fourth immunization (month 12.5) and at the time of first challenge (month 15). Expression of CD40L (c) and IL-21 (d) was also measured on 

CD4+ T cells. The frequency of memory cells that expressed one or more cytokines following ex vivo Env PTE peptide pool stimulation is shown for each animal 

by arm (sum of two pools of 480 peptides total, Lot 150019). Boolean combinations of cytokine-positive memory T cell responses were summed in panels a 

and b. Positive responses, defined as greater than three times the group background at baseline, are depicted as closed symbols, and the positive rate within 

each group is indicated below each graph. (e) PBMC CD4+ T cell polyfunctionality score was assessed by COMPASS at months 12.5 and 15. Gray bars depict 

range; black lines depict means. P values reflect Mann-Whitney test comparing the two vaccine arms. Symbol colors reflect control (black), ALFA (blue), and 

ALFQ (purple) groups. (f) CD4+ T cell response functionality was assessed by Boolean cytokine combinations represented within the HIV-specific response using 

SPICE. Pie charts show the average fraction of the response comprised by each Boolean combination for each active arm. Predominant Boolean combinations are 

annotated in the pie charts for reference. P values reflect permutation test comparing the two vaccine arms for each time point.
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decreased cytokine induction over sequential immunizations, with significant reductions 
in IL-6, IL-1RA, IL-18, IL-15, and MCP-1, while IL-5 expression increased at month 12 
and IFNγ expression increased at month 3. In contrast, cytokine expression generally 

FIG 3 Plasma cytokines elicited by vaccination. Plasma cytokine elicitation expressed as fold change between the time of vaccination and 24 h following 

vaccinations 1, 2, and 4 (months 0, 3, and 12). (a) Heat maps display the log10 fold change in cytokine expression as measured by Luminex in each animal 

between the time of vaccination and the indicated time point. Each column represents an individual animal. Due to assay failure, no data were collected for 

one animal in the ALFA group at month 12.5. (b) Cytokines with significant differences in elicitation between the two active arms at month 12 are shown. 

Gray bars depict range; black lines depict means. P values reflect unadjusted Mann-Whitney tests. (c) Heat map depicts association between plasma cytokine 

levels (fold change in cytokine expression 24 h following the month 12 vaccination for ALFA and ALFQ groups) and peak adaptive immune responses at month 

12.5: CD8+ and CD4+ Th1 cytokines (IFNγ, TNFα, and IL-2) and gp145 binding antibody endpoint titers. Spearman rho is displayed by heat map shading, and 

significant, FDR-adjusted P values are overlaid. (d) Bivariate plot depicting association between IL-6 induction 24 h following vaccination at month 12 and CD8 

Th1 responses at month 12.5. Symbol colors reflect control (black), ALFA (blue), and ALFQ (purple) groups.
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increased following sequential ALFQ-adjuvanted boosting, with significant increases in 
IL-5, IL-18, IFNγ, and sCD40L following serial protein immunizations relative to the first 
MVA prime.

To further assess adjuvant-specific effects, we compared cytokine induction between 
ALFA and ALFQ adjuvants at months 3 and 12. Plasma cytokine responses were similar 
between the groups following the first protein boost, but greater with ALFQ by the 
third protein boost for seven cytokines (Fig. 3b). The strongest increases were in IL-6 
(8.6-fold), IFNγ (4.9-fold), which is expressed by immune cells and directly inhibits viral 
replication along with additional immunostimulatory effects (61), IL-1RA (4.4-fold), and 
IL-18 (4.0-fold), a highly pro-inflammatory cytokine that facilitates type 1 T cell responses 
and induces IFNγ expression (62). Thus, MPLA-containing liposomal adjuvants adminis­
tered in combination with MVA promote the production of inflammatory cytokines 
involved in adaptive immunity, and the addition of QS-21 facilitates recurrent inflamma-
tory responses to repeated protein boosts.

Plasma cytokine correlates of adaptive immune responses

We aimed to identify adjuvant-induced innate immune features that contribute to 
increased vaccine immunogenicity. Plasma cytokines induced by vaccination were 
evaluated for correlations with the magnitude of Env-specific T cell and antibody 
responses following the last immunization, applying FDR correction (Fig. 3c, P < 0.1). 
Both CD4+ Th1 and binding antibody responses positively correlated with post-vaccina­
tion increases in IL-6 and IL-1RA, the cytokines with the greatest fold increase in the 
ALFQ group. Additionally, IL-18 and MCP-1, a chemoattractant responsible for recruiting 
monocytes/macrophages and whose receptor is highly expressed on memory CD4+ T 
cells (63), correlated with CD4+ T cell responses. IFNγ correlated with binding antibody 
responses. To further investigate factors contributing to the unexpected CD8+ T cell 
responses, we assessed correlates without FDR correction as an exploratory analysis. The 
only plasma cytokine associated with CD8+ T cell response magnitude was IL-6 (Fig. 3d; P 
= 0.03), which has previously been associated with enhanced survival and proliferation of 
CD8+ T cells (64).

Given the multiple helper functions mediated by CD4+ T cells, we hypothesized 
that CD4+ T cells contributed to the development of both humoral and CTL respon­
ses. Indeed, Env-specific CD4+ T cell response magnitude correlated with Env-specific 
antibody and CD8+ T cell responses at both the peak and durability time points (Fig. S5). 
The strength of the correlation was highest 2 weeks following vaccination. To determine 
the factors driving high responses following adjuvanting specifically with ALFQ, we 
performed the same analyses using only the ALFQ group. Despite the reduced power 
with fewer animals, CD4+ Th1 responses remained correlated with binding antibody 
titers at peak immunogenicity (r = 0.75, P = 0.03). Taken together, these data implicate 
ALFQ-induced inflammatory cytokines in the augmentation of vaccine-elicited adaptive 
immune responses.

Efficacy against mucosal transmitted founder SHIV challenge

To determine whether vaccination conferred protection against infection, animals 
were challenged with a heterologous, difficult-to-neutralize SHIV. Serial limiting-dose 
intrarectal SHIV-CH505 challenges were administered every other week for up to 10 
exposures per animal at an animal infectious dose of 40, beginning 3 months following 
the final immunization. SHIV-CH505 virus was selected as a stringent challenge strain 
for its transmitted/founder (T/F) Env, Tier 2 neutralization profile, and well-established 
viral replication kinetics and pathogenesis, which recapitulate human HIV-1 infection 
(47, 48). Time to infection was assessed by weekly plasma viremia measurements. The 
per-exposure infection rate was similar in control and ALFQ-adjuvanted animals (26% 
and 30%, respectively) and trended higher in the ALFA animals (56%, P = 0.03 relative 
to controls) (Fig. 4a). Vaccinated animals displayed modest differences in viral replication 
kinetics post-infection (Fig. 4b through f). Peak viral load, which occurred 2–3 weeks after 
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the infecting challenge, as well as early viremia AUC, was significantly higher in control 
animals than in the ALFA active arm (Fig. 4c and d). Meanwhile, ALFQ-vaccinated animals 
displayed a more rapid viremia decay immediately following peak (Fig. 4e). Setpoint viral 
load did not differ between groups (Fig. 4f). These data indicate that while this regimen 
did not reduce infection risk against the T/F SHIV challenge, vaccine-elicited immune 
responses may modestly limit early viral replication.

As vaccinated animals appeared to suppress viremia faster than control animals, we 
assessed post-infection cellular immune responses for evidence of anamnestic responses 
among vaccinees. The control and active arms mounted comparable Env-specific CD4+ 

and CD8+ T cell responses 4 weeks post-infection (Fig. S9), rendering a robust anamnestic 
response unlikely. SIV Gag-specific CD8+ T cell responses were significantly lower in the 
vaccinated arms than in controls, potentially driven by the higher peak viremia antigen 
burden in control animals. This suggests that the HIV-1 gag-pol insert in the MVA vaccine 
did not prime an SIV Gag cross-reactive response. Vaccine-elicited Env-specific CD8+ T 
cell response magnitude (at either peak immunogenicity or at the time of challenge) did 
not correlate with measures of virus replication, including peak viremia, viremia 4 weeks 
post-infection, the slope of viremia decay, or plasma viremia AUC.

Comparison of immunological and virological factors between adjuvanted 
vaccine efficacy studies

Discordant efficacy results between our prior challenge study with SHIV-1157 and the 
SHIV-CH505 virus used here, both of which used identical ALFA-adjuvanted MVA-gp145 
vaccine regimens, prompted an investigation into immune and viral features that 
might explain the poor efficacy against the CH505 Env. As described above, serum 
antibody titers measured against the vaccine gp145 by ELISA within the same assay 
did not significantly differ between the two studies at the primary study endpoints 
post-vaccination (months 12.5 and 15; Fig. 1b). Furthermore, other humoral and T cell 
immunogenicity results were consistent between the two studies (28), indicating that 
the ALFA-adjuvanted regimen was similarly immunogenic in these two independent 
macaque cohorts.

We assessed potential differences in Env sequence that may impact the ability of 
this vaccine to protect against the two divergent SHIV strains. The 1157 and CH505 
Envs have equivalent genetic distances from the CO6980v0c22 vaccine strain and the 
consensus C Env (ConC) (Fig. 5a; Fig. S10a). Since V1V2-specific responses have previously 
been associated with protection from HIV-1 infection (12), including in our SHIV-1157 
challenge study, we also compared the V2 sequence similarity. Of the two challenge 
strains, the V2 region of CH505 is more genetically similar to the gp145 V2 (Fig. S10b), 
indicating that divergence in V2 sequence is likely not responsible for the lack of efficacy 
against SHIV-CH505.

We next considered that the Env-specific humoral responses elicited by this pox-
protein vaccine regimen might target 1157 more efficiently than CH505. Antibody 
response reactivity against the different challenge Envs was measured by competition 
ELISA, comparing the ability of CH505 and 1157 gp140 proteins to compete with the 
binding of vaccinee sera to immobilized CO6980v0c22 gp145. The two challenge strain 
proteins both competed with gp145-binding antibodies to a similar extent (Fig. 5b), 
suggesting similar magnitude humoral responses to CH505 and 1157. We additionally 
used bead-based Luminex assays to measure sera antibodies to each antigen. Here, 
greater binding was observed to 1157 than to CH505 (for both gp140 and V1V2) (Fig. 5c 
and d), although potential differences in antigen conformation or immobilization may 
confound these results. A similar trend was observed when ADCP was measured against 
each challenge Env, with greater ADCP responses to 1157 gp140 and V1V2 (Fig. 5e; Fig. 
S11), suggesting that the CH505 V1V2 may be more resistant to the elicited ADCP. Taken 
together, these data implicate a possible role for limited binding antibody and ADCP 
responses against CH505 impacting efficacy in this challenge model.
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Antibody effector functions, including the ADCP and ADNP immune correlates 
identified in our prior study, are mediated by antibody binding to Fc gamma recep­
tors (FcγRs). FcγR allotypes influence their affinity for antibody binding (65). To assess 
whether differences in FcγR allotypes between the two studies influenced vaccine 
efficacy, we sequenced the FcγR1, FcγR2A, and FcγR3A alleles in control and ALFA animals 
enrolled in both studies. FcγR1 and FcγR3A allotypes were largely equivalent between 
the two studies (Fig. S12a). FcγR2A frequency differed between the two studies, with 
heterologous 1/2 allotypes more common in Om et al. and homologous 1/1 allotypes 
more prevalent here. However, the time to infection for animals within each group 
expressing either the FcγR2A 1/1 or 1/2 allotypes did not differ from that of animals 
expressing other allotypes (Fig. S12b), suggesting that these allotypes were not linked to 
altered infection risk.

The conformation of the HIV-1 envelope protein, whether it is in an “open” or more 
“closed” state, can influence susceptibility to antibody-mediated effector functions (66). 
To assess potential differences in the Env conformation for the two challenge strains, we 
expressed membrane-bound Env in two different cell types: 293T cells transfected with 
Env-expressing plasmids, and NHP CD4+ T cells infected with the two challenge viruses, 
followed by surface staining with a panel of broadly neutralizing (bNAbs) or non-neu­
tralizing (nNAbs) monoclonal antibodies known to target distinct Env conformations. 
bNAbs PG9 (trimer apex-specific) (67) and PGT151 (gp120:gp41 interface-specific) (68) 
preferentially bind Env in a closed conformation, whereas the nNAbs bind Env following 
transition to an open, CD4-induced (CD4i) conformation. Here, PGT151 exhibited a trend 
toward greater binding to CH505 than 1157 in infected rhesus CD4+ T cells (Fig. 6b; P = 
0.1), while PG9 binding did not differ between 1157 and CH505. Differential binding of 
bNAbs between the 293T and NHP cells is likely due to the absence of CD4 expression 
on the surface of 293T cells, with primary rhesus cells representing a potentially more 
physiological model for evaluating bNAb binding in the context of CD4. Among CD4i 
nNAbs, three showed trends of increased binding to 1157 relative to CH505 in 293T 

FIG 4 Vaccine efficacy against heterologous SHIV-CH505 challenge. (a) Kaplan-Meier curves depict SHIV infection acquisition following serial, every-other-week 

challenges. Differences between study groups were compared using Cox proportional hazards model. (b) Plasma viremia normalized by the time of infecting 

challenge is shown for each group. Thick line indicates the group geometric mean, and thin lines represent individual animals. Peak viral load (c), area under 

the curve (AUC) of early viremia (d), initial slope of decay from peak viremia to week 4 (e), and setpoint viral load (f) are shown by study group. Gray bars depict 

range; black lines depict means. P values reflect Kruskal-Wallis test with a Dunn’s posttest. Symbol colors reflect control (black), ALFA (blue), and ALFQ (purple) 

groups.
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cells (Fig. 6c), suggesting that 1157 naturally adopts a more open conformation in the 
absence of CD4.

Plasma from people living with HIV, which tends to favor Env in an open conforma­
tion, also recognized 1157 modestly more than CH505 in 293T cells, although with 
less distinction in rhesus cells (Fig. 6e and f). Together, these data suggest that 1157 
Env adopts a slightly more open conformation than the CH505, which may facilitate 
binding of non-neutralizing antibodies and render SHIV-1157 more susceptible to 
antibody-dependent effector functions.

DISCUSSION

Here, we report the results of a pox-protein vaccination regimen in rhesus macaques in 
which the novel QS-21-containing liposomal adjuvant ALFQ promoted greater mag­
nitude immune responses than the ALFA adjuvant, which lacks QS-21. Env-specific 
binding antibody responses were 5-fold greater with ALFQ adjuvanting. In addition, 
the breadth of the Env-specific antibody responses increased, with greater reactivity 
to antigens spanning multiple subtypes. T cell responses elicited by vaccination with 
ALFQ were particularly remarkable, with Env-specific CD4+ T cells comprising 1.3–6% 

FIG 5 Comparison of ALFA-adjuvanted vaccine efficacy studies. (a) Genetic distance between the vaccine gp145 Env (CO6980v0c22) and the SHIV CH505 and 

1157ipd3N4 Envs (top), as well as between these antigens and a consensus clade C Envelope sequence (ConC_774). (b) Competition ELISA was used to assess 

the ability of CH505 and 1157ipd3N4 gp140 proteins to block binding of sera (month 15) in ALFA-adjuvanted animals to gp145 antigen-coated plates. Paired 

Wilcoxon test, P > 0.05. (c and d) Antibody binding titers measured by Luminex assay in vaccinated animal plasma against the SHIV-CH505 and SHIV-1157ipd3N4 

gp140 (c) or V1V2 (d) antigens. Data were normalized as fold change over pooled negative NHP sera. (e) ADCP responses among ALFA-adjuvanted animals 

measured against V1V2 antigens from CH505 and 1157ipd3N4. Peak ADCP responses serum reciprocal dilutions were compared using a paired Wilcoxon test.
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and unexpected CD8+ T cell responses of 0.2–3.1%. The gains in humoral and cellular 
response magnitude were apparent after just two protein immunizations, were sustained 
following the third, and were also observed relative to the conventional aluminum 
salt adjuvant. Innate activation induced by ALFQ likely contributed to the augmented 
immunity following repeated immunizations. While both liposomal adjuvants promoted 
production of inflammatory cytokines involved in adaptive responses, immunostimula­
tion was more sustained with ALFQ adjuvant over the course of repeated protein boosts. 
These data support ALFQ as a promising adjuvant to achieve efficient, augmented 
humoral and T cell immunity.

The ALFQ liposomes stimulate immune responses via multiple components, including 
the TLR4 agonist MPLA (69), and the saponin QS-21, which promotes development of 

FIG 6 Conformation of challenge Envs on the cell surface. Binding of bNAbs (a and b), non-neutralizing antibodies (c and d), or plasma (e and f) indicated 

antibodies/plasma to CH505-375H or 1157 Env on the surface of (a, c, e) 293T cells transfected with Env-expression plasmids (n = 3), or (b, d, f) SHIV-infected 

rhesus macaque CD4+ T cells (n = 3), was measured by flow cytometry and reported as median ratio to no Ab. CD4i, CD4-induced antibodies; PLWH, people living 

with HIV. Dashed lines indicate relative staining level in the absence of added antibody/plasma. Bars indicate mean ± SEM. Significance was assessed between 

the two SHIV strains for each mAb using Mann-Whitney (P ≤ 0.2 are indicated).
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a balanced Th1/Th2 response along with cytotoxic T lymphocyte production (70). Prior 
studies evaluating ALFQ-adjuvanted vaccines demonstrated strong adaptive immune 
responses in primates and humans (38, 44). Direct comparisons between ALFQ and other 
adjuvants have been limited to date. In the context of SARS-CoV-2 Spike vaccination 
adjuvanted with either aluminum hydroxide or ALFQ, ALFQ increased humoral and 
CD4+ T cell responses, but not CD8+ T cell responses (36). In the context of an HIV-1 
Env protein vaccination, ALFQ enhanced peak binding antibody titers compared to 
alum (58); however, this enhancement was not sustained 3 months post-vaccination, 
suggesting that the addition of the pox vector prime used here may enhance the 
durability of ALFQ-elicited antibody titers. In addition, we observed heightened humoral 
responses across a large panel of HIV-1 isolate gp120, gp140, and V1V2 antigens with 
ALFQ compared to ALFA (and, by extension, to alum [28]). V1V2-specific responses, 
in particular, may benefit from the ALFQ adjuvant, although a similar difference was 
not observed by Saunders et al. (58). Further study using matched Env isolates across 
the antigen panels and evaluating the contribution of base-specific antibodies to 
the binding responses will aid in determining whether adjuvants influence humoral 
response epitope specificity. In our previous study using ALFA adjuvant and the same 
vaccine regimen used here, immune responses were comparable between ALFA and 
alum for most immune functions, with the exception of improved antibody-depend­
ent phagocytic responses with ALFA (28). Our study offered an opportunity to assess 
whether potent adjuvants interfere with immunogenicity of concurrently delivered viral 
vector immunizations. We did not see strong evidence of adjuvanted protein vaccination 
altering T cell responses to the HIV-1 transgenes. CD4+ T cell responses to the pox 
vector were quite limited when adjuvanted protein was also administered. Future HIV-1 
vaccine development may benefit from further study of potential interactions between 
the co-delivery of multiple vaccine platforms.

Robust antigen-specific CD8+ T cell responses from protein vaccination were 
surprising, as protein vaccinations typically yield low-magnitude CD8+ T cell responses 
due to exogenous antigen presentation on MHC class II, even when using the ALFQ 
adjuvant (35). Higher magnitude responses are generated by some viral vectors and 
highly optimized T cell epitope vaccines (71–74). Mechanisms underlying CD8+ T cell 
responses to adjuvanted protein are not well understood, but antigen cross-presentation 
has been observed for other saponin- and MPL-based adjuvants, such as AS01 and 
ISCOMATRIX (75, 76). Previous work with QS-21 demonstrated its localization within 
CD169+ resident macrophages in the draining lymph node, where it recruits and 
contributes to dendritic cell phenotypic maturation, leading to increased CD8+ T cell 
responses (77). Saponins are also known to increase cytosolic translocation of antigen 
required for cross-presentation (78). TLR4 agonists, including MPLA, increase cross-pre­
sentation by increasing MHC class I trafficking into phagosomes (79) and reducing 
antigen degradation within phagosomes (80). MPLA and QS-21 have demonstrated 
synergy in mice for the development of strong adaptive immune responses, including 
CD8+ T cells (81). We identified the cytokine IL-6 as being modestly associated with CD8+ 

T cell responses, consistent with its role in enhancing the survival and proliferation of 
CD8+ T cells (64).

Despite these known adjuvant effects, the compelling CD8+ T cell immunogenicity 
observed here contrasts with previous studies using ALFQ or similar adjuvants in 
non-human primates and humans. Strong CD8+ T cell responses were not observed 
following ALFQ-adjuvanted protein nanoparticle vaccination against SARS-CoV-2 in 
rhesus macaques or humans (35–38), or against HIV-1 Env in a previous study using 
the similar AS01B adjuvant with a nanoparticle in humans (82). An additional study 
in rhesus macaques combining a DNA prime with ALFQ-adjuvanted protein boost 
also did not detect CD8+ T cell responses (43). One exception, however, is another 
pox-protein vaccine regimen, in which ALVAC priming followed by ALVAC plus ALFQ-
adjuvanted Env protein boosting also elicited strong CD8+ T cell responses in NHPs 
(83). Taken together, these findings suggest that the combination of pox vector and 
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QS-21-containing adjuvant is required for the observed CD8+ T cell response develop­
ment. The MPLA within the liposomes may also contribute, although this was not 
evaluated. It is unlikely that ALFQ adjuvanted the MVA vaccine, as T cell responses to 
the MVA vector itself or the HIV-1 Gag insert did not differ between adjuvants. Another 
difference between these ALFQ-adjuvanted vaccine studies is the use of a soluble Env 
protein here (83) versus antigen display on a nanoparticle in the previous ALFQ studies. 
Nanoparticles themselves have been associated with induction of cross-presentation 
(84); however, the effect of combining multiple immunomodulatory strategies is unclear, 
and this cross-presentation effect may be lost when the nanoparticle is combined 
with the ALFQ liposomes. The longer 3- to 6-month intervals between vaccinations 
used here may also be important to achieve CD8+ T cell responses. One hypothesis 
we favor is that the viral vector provides additional immunostimulatory signals that 
complement QS-21, such as from dying pox-infected cells releasing “danger” signals that 
promote cross-presentation by antigen-presenting cells (85). Further work investigating 
the mechanism responsible for enhanced CD8+ T cell responses may aid in developing 
strategies that achieve consistent and robust CTL immunity from protein immunizations, 
a long-standing challenge in vaccinology. Next-generation T cell vaccine design may 
benefit from combining ALFQ-like adjuvanted pox-protein regimens with platforms 
that promote cytotoxicity against infected cells, such as live replicating vectors (86), to 
achieve high-magnitude responses with effective antiviral activity. Targeting Gag rather 
than Env, as discussed below, is likely also important.

The increased expression of many cytokines and distinct innate immune signatures 
early following ALFQ-adjuvanted vaccination likely supports the development of robust 
adaptive immune responses. Previously, early innate immune signatures have been 
shown to correlate with immune responses that reduce infection risk following pox-
protein vaccination in humans (87). We found IFNγ, IL-6, and IL-1RA levels to be 
associated with subsequent binding antibody responses. IFNγ can induce class-switch­
ing in B cells (61), and increased IL-6 may promote IgG secretion (59). The association 
between IL-18 and CD4+ T cell response magnitude is consistent with IL-18 involvement 
in Th1 response induction (62). Maintenance of the early innate immune response 
to boosting vaccinations differed between the ALFA and ALFQ groups. Innate respon­
ses following ALFA-vaccination decreased with subsequent immunizations, suggesting 
desensitization to repeated ALFA exposure. In contrast, cytokine elicitation increased 
following repeated ALFQ-adjuvanted vaccinations. This could indicate a recall adaptive 
immune response or altered response kinetics upon subsequent exposure (e.g., IFNγ 
production by rapidly responding memory T cells). These early cytokine signatures 
may be valuable surrogates for development of robust adaptive immune responses. 
Taken together, these data suggest that QS-21-containing adjuvants may promote innate 
signatures that improve immunogenicity of repeated protein vaccinations.

Despite its potent immunogenicity, the vaccine did not protect against heterologous 
SHIV challenge or substantially reduce post-infection viremia in this challenge model. 
High-magnitude Env-specific binding antibody responses in both the serum and rectal 
mucosa, which would be expected to contribute to reduced risk of infection against 
rectal SHIV challenges (88), were not sufficient for vaccine efficacy. Using an identical 
vaccine regimen with the ALFA adjuvant, we previously demonstrated 90% efficacy 
in male rhesus macaques against heterologous challenge with a different SHIV, the 
1157ipd3N4 clone, which does not contain a T/F Env (28, 49). The explanation for 
these discordant challenge results is unclear. Immune responses elicited in the two 
studies were of comparable magnitude. Genetic comparison of the challenge strain 
env sequences also indicated a similar genetic distance to the vaccine strain, including 
in the V2 region, which was previously identified as a target of protective antibody 
responses (12). Comparison of ADCP and binding antibodies against the two challenge 
Envs suggested lower cross-reactive titers against the CH505 Env used in this study than 
against 1157ipd3N4, despite equivalent vaccine-specific binding antibody responses, 
suggesting that the T/F CH505 may be less susceptible to protective immune responses 
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elicited by this regimen. Of note, it was recently suggested that ADCP using recombi­
nant Env-coated beads might not recapitulate ADCP responses against infectious viral 
particles (89), and that other assays for characterizing effector immune responses 
may be illuminating. One caveat of this analysis is the difficulty in normalizing results 
between antigens, and a different binding assay (competition ELISA) did not demon­
strate a difference in antibody responses to the two challenge Envs; therefore, caution is 
warranted in interpreting these data. In addition, IgG binding and Fc effector functions 
were assessed using uncleaved trimeric proteins that might not display an authentic 
native Env conformation from the SHIV challenge virus. Proteins that adopt more 
closed conformations, the state assumed by most primary HIV-1 isolates, may better 
detect antibody responses predictive of protection against T/F viruses. Conformational 
analyses of the two challenge Envs using neutralizing and non-neutralizing monoclonal 
antibody binding profiles suggested that 1157ipd3N4 is slightly more open than CH505; 
confirmation of these results with additional bNAbs in future studies would be informa­
tive. Env “openness” has previously been associated with susceptibility to ADCC (66), 
lending support to the hypothesis that increased sensitivity of 1157ipd3N4 to effector 
antibody responses contributed to vaccine efficacy against SHIV-1157ipd3N4 but not 
SHIV-CH505. Future vaccination efforts seeking to promote non-neutralizing humoral 
responses to natural Env conformations may benefit from the use of immunogens that 
elicit greater cross-reactive V2-specific responses. Boosting immunogens that adopt 
more closed conformations may also aid in shepherding non-neutralizing responses 
towards slightly more native states.

Another possibility is that deleterious immune responses were elicited. For example, 
strong Th1 CD4+ T cell responses in blood were previously reported to correlate with 
reduced vaccine efficacy (90). However, robust and comparable CD4+ T cell immunity 
was achieved in the ALFA arms of the two challenge studies, making this explanation 
unlikely. Env-specific CD8+ T cell responses have been associated with increased HIV-1 
viremia in humans, in contrast to Gag-specific responses, which have been associated 
with lowering viremia (91). Thus, high-magnitude Env-specific CD8+ T cell responses 
generated by ALFQ adjuvant may have increased infection risk, potentially negating 
protective effects of humoral antiviral activity. In this study, the ALFA-adjuvanted group 
appeared to have a higher per-exposure infection risk than the control group. We 
previously reported ALFA-dependent priming of mucosal HIV-1-specific CD4+ T cells 
with this vaccine regimen (28). Increased Env-specific CD4+ T cells in the mucosa, as 
well as stimulation of these cells upon SHIV challenge, may have increased infection 
risk in the absence of protective effector antibodies (92, 93). Future studies evaluating 
mucosal CD4+ T cell responses after ALFQ adjuvanting are necessary to determine 
whether QS-21-containing MPLA liposomal adjuvants also promote mucosal CD4+ T cell 
responses.

Vaccine efficacy against acquisition of a heterologous virus in NHP models is rare, 
and few studies use challenge strains encoding a T/F HIV-1 Env, which represents a 
potentially even higher bar. T/F Envs exhibit distinct characteristics relative to non-T/F 
Envs that aid their ability to infect target cells. T/F viruses have greater Env content 
per virion, cell-free infectivity, and IFNα resistance (94). It is possible that the CH505 
T/F Env was more difficult to protect against than the 1157ipd3N4 Env used in our 
prior challenge. NHP challenge studies that previously achieved protection against 
T/F SHIV strains typically used homologous Env vaccine immunogens. For example, 
efficacy against SHIV-CH505 has been observed using CH505-lineage immunogens in 
a DNA/protein co-immunization (23) and with a stabilized CH505 Env trimer co-admin­
istered with a TLR7/8 agonist (95). Similarly, efficacy against SHIV-BG505, the other 
T/F SHIV used in multiple challenge studies, was evaluated following vaccination with 
homologous Env protein plus viral-vectored insert (19) or stabilized BG505 Env trimers 
(20). However, a recent study using computationally selected multivalent gp120 boost 
immunogens optimized for V1V2 binding antibody breadth is, to our knowledge, the first 
to report reduced infection risk against a heterologous T/F SHIV challenge (96). The long 
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interval between boosting immunizations may have improved the quality of the humoral 
responses contributing to protection. Prior successes, limited largely to homologous T/F 
Env vaccine regimens, suggest that these strains may be more resistant to cross-reactive 
vaccine-elicited immune responses.

We demonstrate here the rapid, robust, and durable humoral and T cell responses 
achieved by a next-generation adjuvant, ALFQ, in the context of pox-protein vaccina­
tion. Antibody responses were broadly reactive against multiple HIV-1 subtypes and 
isolates. High-magnitude responses are consistent with other pre-clinical ALFQ-adjuvan­
ted vaccine studies in primates and humans (35–37, 40–44), highlighting the potential 
clinical relevance of ALFQ for vaccines against diverse infectious diseases. Unique to 
this vaccine regimen was the unexpected, high-magnitude CD8+ T cell response, likely 
elicited via cross-presentation mediated by the combination of saponin, TLR4 agonist, 
and pox viral vector components. The elicitation of CD8+ T cell immunity in conjunction 
with high-titer humoral responses is a valuable response profile for multiple pathogens 
with unmet needs, including prophylactic and therapeutic vaccines targeting HIV-1.

MATERIALS AND METHODS

Animals

Twenty-seven colony-bred Indian-origin male 3- to 6-year-old rhesus macaques (Macaca 
mulatta) were assigned to three groups (nine animals per group) in a procedure 
resembling minimization. Group assignments were made deterministically by sorting 
all animals by age, pre-existing CN54 gp140 ELISA endpoint titer, and pre-existing 
(cross-reactive) p27 ELISA titer and then assigning them to groups 1, 2, and 3 in order. 
Additional adjustments were made to further balance the groups across these factors. 
Animals expressing protective Mamu alleles A*01, B*08, and B*17 were excluded from the 
study. The sample size was chosen to achieve at least 80% power to detect 80% vaccine 
efficacy in an individual vaccine arm, using a two-sided log-rank test with 5% type I error.

Vaccine components

All vaccine components and procedures were identical to that of the previously 
described study (28), with the exception of the addition of the ALFQ adjuvant. Control 
animals received live-attenuated MVA lacking insert; active arm animals received an 
equal mixture of three recombinant MVA vaccines expressing HIV-1 env and gag/pol 
genes (45). The three MVA vaccines (MVA-A/C/E) were as follows: (i) MVA-CMDR, CM235 
env, and CM240 gag/pol (subtype CRF01_AE); (ii) MVA-KEA, KNH1144 env and KER2008 
gag/pol (subtype A); and (iii) MVA-TZC, TZA125 env, and TZA246 gag/pol (subtype C). 
Subtype C gp145 recombinant protein (CO6980v0c22) was expressed in CHO cells and 
enriched as a trimeric preparation containing ~60% physical trimers (46). For ALFA-adju­
vanted vaccination, gp145 was adsorbed to aluminum hydroxide (Alhydrogel, Brenntag) 
at 300 µg aluminum per 0.5 mL dose. ALF liposomes consisted of 1.145 mM phospho­
lipids (DMPC:DMPG ratio = 9:1), 43% cholesterol, and 100 µg of synthetic monophos­
phoryl 3-deacyl lipid A (3D-PHAD; MPLA:phospholipid ratio = 1:8.8; Avanti Polar Lipids) 
per dose in PBS. The gp145-Alhydrogel suspension was used to reconstitute microflui-
dized and lyophilized small unilamellar ALF to produce ALFA (97). ALFQ was prepared 
as previously described (97, 98). ALFQ liposomes consisted of 11.45 mM phospholipids 
(DMPC:DMPG = 9:1), 55% cholesterol, 100 µg 3D-PHAD (MPLA:PL = 1:88), and 50 μg 
QS-21 per dose in PBS. The resulting gp145 immunogen remains a soluble protein mixed 
with the liposomal adjuvant, though not displayed on its surface.

Immunizations and challenge

Animals received an MVA priming immunization containing 108 PFU of either empty-
vector MVA or MVA with the HIV-1 inserts in 1.8 mL injections. Three boosting 
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immunizations consisted of MVA plus the adjuvanted, multimeric subtype C gp145 
protein administered contralaterally at 100 µg/dose in 0.5 mL at months 3, 6, and 12 
following the prime. All vaccinations were administered intramuscularly, alternating 
between right and left quadriceps for each product at each vaccination. At month 
15, all animals were serially challenged intrarectally with a 1:250 dilution of R5-tropic 
SHIV.C.CH505.375H.dCT (48), kindly provided by George Shaw, until they became viremic 
or for up to 10 prespecified challenges, with challenges spaced 2 weeks apart. This 
dilution represents the intrarectal animal infectious dose that results in 40% infection 
(AID40) for this stock, as determined by prior challenge of naïve rhesus macaques (B.K. 
Felber, personal communication).

Binding antibody responses

Env-specific IgG ELISA

Sera were assayed in triplicate for the presence of Env-specific IgG antibodies by ELISA 
as previously described (99) except that horseradish peroxidase-labeled affinity-purified 
goat anti-monkey IgG (Alpha Diagnostics, Cat. #70021, polyclonal) was used as the 
secondary antibody. Briefly, 96-well Immulon 2 “U”-bottom microtiter plates (Thermo 
Scientific) were coated with 0.1 µg/well of CO6980v0c22 gp145, CH505.375H gp140, or 
1157ipd3N4 gp140 protein for 2 h at 37°C and then blocked overnight at 4°C with 0.5% 
casein and 0.5% BSA in phosphate-buffered saline (PBS). Plates were washed, incubated 
for 1 h at 25°C with serial dilutions of test serum, washed, incubated with goat anti-mon­
key IgG (described above) for 1 h at 25°C, and washed again. ABTS substrate (KPL) 
was added for 1 h at 25°C. Plates were analyzed at 405 nm on a VersaMax Microplate 
Reader using the SoftMax Pro 7.1.0 software (Molecular Devices). Matched pre-immune 
sera were used as the negative control for each animal. Data are expressed as endpoint 
titers, calculated by interpolating from a four-parameter sigmoidal curve the dilution that 
yielded an optical density equal to twice the background value.

Rectal mucosal secretions were collected using Weck-Cel Swabs (BVI Medical) and 
stored at −80°C until use. Antibodies were eluted as described previously (100). Briefly, 
swabs were placed into Spin-X columns (Sigma), eluted twice with 300 µL cold elution 
buffer (1× Protease Inhibitor Cocktail Set I [Sigma], 0.25% BSA, PBS), and then filtered 
through a 0.22 µM membrane. Total IgG in eluted samples was measured using Monkey 
IgG ELISA Kit (Alpha Diagnostic, Cat. #7050), according to the manufacturer’s instructions. 
Env (gp145)-specific IgG was measured by ELISA. Briefly, U-bottom ELISA plates were 
coated with 0.1 µg/well of gp145 protein in PBS overnight at 4°C. Wells were then 
blocked for 1 h at 37°C with 5% skim milk powder and 0.05% Tween-20 in PBS at 4°C, 
washed, and incubated for 1 h at 37°C with serial dilutions of test sample. Plates were 
washed, incubated with mouse anti-monkey IgG (SB108A, Southern Biotech) for 1 h at 
37°C, and washed again, followed by addition of 1-Step Ultra TMB ELISA Substrate (100 
µL/well) (Thermo Scientific, Cat. #34029) for 10 min at 25°C. The reaction was stopped 
with the addition of 100 µL/well 1 N HCl. Plates were analyzed at 450 nm on a VersaMax 
Microplate Reader using the SoftMax Pro 7.1.0 software (Molecular Devices).

Competition ELISA

ELISAs were performed as outlined above for the rectal samples, except for the primary 
antibody conditions. For this step, a serial dilution of each of the two gp140 SHIV 
envelope proteins (CH505.375H and 1157ipd3N4 gp140) was performed in block buffer 
with concentrations spanning 100 μg/mL to 0.195 μg/mL gp140. Each of these protein 
dilutions was then mixed in a 1:1 ratio with 1:200 diluted serum samples, resulting in 
a final serum dilution of 1:400. Additionally, a positive control was prepared for each 
serum sample, consisting of the same 1:200 serum dilution mixed at a 1:1 ratio with 
block buffer. One hundred microliters of the mixture was then added in duplicate 
into microtiter plates alongside positive controls (1:400 serum without gp140) and a 
block buffer-only negative control and incubated for 1 h at 37°C. The percentage of 
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the maximum binding to CO6980v0c22 gp145 for each challenge Env was expressed 
as the area under the curve of this measure after log transformation of the x-axis 
(serum dilution). A paired significance test (Wilcoxon) was used to test for differences 
in competition by the two SHIV strain gp140s.

MVA-specific antibody responses

ELISAs were performed to measure antibodies against the MVA viral vector as described 
above (see “Rectal mucosa” section), except that plates were coated with recombinant 
vaccinia virus cell surface-binding protein (D8L) (CusaBio, Cat. #CSB-EP322653VAA). 
Rabbit anti-D8L monoclonal antibody (CusaBio, Cat. #CSB-PA322653LA01VAA) was 
used as a positive control in a 2-fold serial dilution, beginning at 1:300,000. Binding 
was detected using donkey anti-rabbit IgG (H + L) (Jackson ImmunoResearch, Cat. 
#711-035-152).

Binding antibody multiplex assay (BAMA)

Binding antibody multiplex assay (BAMA) was performed blinded to vaccine arm as 
previously described (101) against a panel of globally diverse gp140, gp120, and 
V1V2 antigens (102). Briefly, carboxylated magnetic beads (Luminex Corporation) were 
covalently coupled to HIV-1 antigens and incubated with serially diluted serum samples 
(1:80, 5-fold, six dilutions). IgG was detected with goat anti-monkey IgG-biotin (Rockland) 
and PE Streptavidin (BD Pharmingen), followed by reading on a Bio-Plex 200 instrument 
(Bio-Rad). Assay positive controls included polyclonal IgG from people living with HIV-1 
(HIVIG) and the HIV-1 mAbs CH31, CH58, and 2G12. Negative controls included HIV-1-
seronegative human sera, blank (uncoupled), and murine leukemia virus (MuLV) (empty) 
gp70 scaffold-conjugated beads. Antibody titers were reported as area under the curve 
(AUC), calculated using the trapezoidal method from background- (wells containing 
antigen-coated beads with no sample) and blank-subtracted (uncoupled beads or MuLV 
[empty] gp70 scaffold beads) net median fluorescence intensity (MFI) values measured at 
each dilution. A response was considered positive if the net MFI values were (i) greater 
than 100, (ii) greater than or equal to the antigen-specific cutoff (95th percentile of all 
baseline sample binding per antigen after high baseline exclusion), and (iii) greater than 
3-fold of the matched baseline sample binding before and after blank subtraction.

Luminex binding antibody measurements

Uncleaved gp140 proteins were designed with R-to-S mutations in the gp120/gp41 furin 
cleavage site and incorporated the native leader peptide, full MPER sequence, followed 
by a short GGGS linker sequence, and a C-terminal AviTag. V1V2-gp70 scaffolds were 
designed as previously reported (103). Sequences, codon-optimized for expression in 
human cells, were synthesized (Genscript, Piscataway, NJ) and cloned into a custom 
pcDNA3.4 (Thermo Fisher, Waltham, MA) expression vector. Proteins were expressed 
by transient transfection in Expi293 cells (Thermo Fisher, Waltham, MA) according 
to the manufacturer’s instructions. Gp140 proteins were purified from clarified cell 
culture supernatants 4 days post-transfection using Galanthus nivalis lectin (GNL) affinity 
chromatography. When needed, gp140 proteins were further purified by flow-through 
on a Q Sepharose column (GE Healthcare, Chicago, IL) as a polishing step to help 
remove host cell protein contaminants. V1V2-gp70 scaffolds were purified from clarified 
cell culture supernatants 4 days post-transfection using Ni-NTA affinity resin (Qiagen, 
Germantown, MD). All proteins were purified to 90% purity or higher, as assessed by 
SDS-PAGE and Coomassie staining in reducing and non-reducing conditions.

Antibody binding and characterization were then performed as previously descri­
bed (101, 104, 105) with minor modifications. Samples were assayed against a panel 
of four SHIV antigens (SHIV.C.CH505-gp140, SHIV.C.CH505-V1V2-gp70, SHIV-1157ipd3N4-
gp140, and SHIV-1157ipd3N4-V1V2-gp70; MHRP Protein Production Lab). Antigens were 
coupled to uniquely coded carboxylated magnetic microspheres (Luminex Corp., Austin, 
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TX) according to the manufacturer’s protocol and as previously described. Pooled 
antigens were incubated with heat-inactivated plasma for 2 h at room temperature, 
washed, and then incubated for 1 h with phycoerythrin-labeled non-human primate 
cross-reactive anti-human IgG (Southern Biotech, Birmingham, AL). After a final wash to 
remove unbound detection reagent, microspheres were resuspended in 40 μL sheath 
fluid (Luminex Corp), and data were collected on a Bio-Plex 3D Suspension Array System 
(Bio-Rad, Hercules, CA) running xPONENT v.4.2 (Luminex Corp). The signal from a pooled 
sample comprised of plasma from 10 SHIV/HIV naïve animals served as the negative 
control. Study samples were analyzed as fold over the negative control, and where 
applicable, the signal from the negative control MuLV-gp70 was subtracted to account 
for anti-scaffold-directed signals.

Neutralizing antibody responses

Vaccinated animal sera were assessed for HIV-1 neutralizing activity in TZM-bl target cells 
as described previously (106). Pseudoviruses evaluated included C06980.v0.c22 (Tier 1, 
subtype C), CH505.375H, 1157ipd3N4, and an MuLV negative control.

Antibody-dependent phagocytotic effector antibody responses

ADCP was measured as previously described (107), using CO6980v0c22 gp145, 
CH505.375H gp140 and V1V2, and 1157ipd3N4 gp140 and V1V2. Antigens were 
biotinylated following the manufacturer’s instructions (Thermo Fisher Scientific) 
and incubated with yellow-green streptavidin-fluorescent beads (Molecular Probes) 
overnight at 4°C. A 100-fold dilution of antigen-coated beads was incubated for 2 h 
at 37°C with diluted serum or plasma samples and washed before addition of THP-1 
cells (Sigma Millipore, Cat. #88081201; 20,000 cells per well in duplicate). Following 19 h 
of incubation at 37°C, the cells were fixed with a 2% formaldehyde solution (Tousimis), 
and fluorescence was evaluated on an LSR II cytometer (BD Biosciences; representative 
gating tree is shown in Fig. S13a). The phagocytic score was calculated by multiplying 
the percentage of bead-positive cells by the geometric mean fluorescence intensity (MFI) 
of the bead-positive cells and dividing by 104. Background responses assessed in the 
absence of serum or plasma were subtracted from all values.

For ADNP, CO6980v0c22 gp145, CH505.375H gp140, and 1157ipd3N4 gp140 were 
biotinylated following the manufacturer’s instructions (Thermo Fisher) and incubated 
with yellow-green streptavidin-fluorescent beads (Molecular Probes) for 2 h at 37°C. Ten 
microliters of a 100-fold dilution of the bead–protein conjugate was incubated for 2 
h at 37°C with 100 μL of 250-fold diluted serum and washed before the addition of 
effector cells (50,000 cells/well). Fresh peripheral blood leukocytes were used as effector 
cells and prepared from human blood by red blood cell lysis with ACK lysing buffer 
(Thermo Fisher). After 1 h of incubation at 37°C, cells were washed, surface stained, fixed 
with 2% formaldehyde solution, and evaluated using an LSR II cytometer (BD Bioscien­
ces). Antibodies used for flow cytometry were as follows: CD3-Alexa Fluor 700 (UCHT1, 
BD Biosciences, Cat. #557943, Lot 9050801), CD14-APC-Cy7 (MϕP9, BD Biosciences, 
Cat. #557831, Lot 8184721), and CD66b-Pacific Blue (G10F5, BioLegend, Cat. #305112, 
Lot B256448). The phagocytic score was calculated by multiplying the percentage of 
bead-positive neutrophils (SSC high, CD3− CD14− CD66+; Fig. S13b) by the geometric MFI 
of the bead-positive cells and dividing by 104.

Plasma cytokine concentration

Cytokine levels were measured in plasma using the MILLIPLEX MAP Non-Human Primate 
Cytokine Magnetic Bead Panel–Premixed 23 Plex Luminex kit (Millipore Sigma) according 
to the manufacturer’s instructions. The samples were read using a Bio-Plex Magpix 
Multiplex Reader (Bio-Rad) machine. An asymmetric sigmoidal 5PL (X = log[concentra­
tion]) model curve with least squares fit was used to interpolate cytokine concentrations 
using GraphPad Prism software. Values above the limit of quantitation were assigned 
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the upper limit of detection value, while values below the lower limit of detection were 
assigned a value half of this limit when determining fold change between samples.

Envelope sequence analysis

A phylogenetic tree of the vaccine and challenge envelope sequences, along with 
representative envelope sequences from different clades, was built using a maximum 
likelihood method with an HIVb amino acid substitution matrix and optimized on a 
gamma distribution (108). Pairwise distances were calculated under an HIVb model in 
phangorn (109).

Antigen-specific T cell responses

Cryopreserved PBMC were thawed, rested overnight in R10 with 50 U/mL Benzonase 
Nuclease (Sigma-Aldrich Millipore, Cat. #71205_3), and stimulated with peptide pools 
for 6 h. Peptides included: (i) HIV-1 Env potential T cell epitope (PTE) pools (1 µg/mL, 
NIH AIDS Reagent Program, Cat. #12698; either two pools of 480 peptides, used for time 
points at baseline and following the third immunization, or one pool of 467 peptides 
used for time points prior to the third immunization due to product availability); (ii) 
SIVmac239 Gag peptide pool (2 µg/mL, NIH AIDS Reagent Program, Cat. #12364); and 
(iii) HIV-1 PTE Gag peptide pool (1 µg/mL, NIH AIDS Reagent Program, Cat. #12437). 
Stimulations were performed in the presence of Brefeldin A (0.7 µL/mL, GolgiPlug, BD 
Cytofix/Cytoperm Kit, Cat. #555028). Live MVA (p581 virus in 7.5% Lactose in PBS, BPR 
#045.4160.1497, Lot #L132-103114-02) stimulation contained 1 PFU/cell for a total of 20 
h, with Brefeldin A (0.7 µL/mL, GolgiPlug, BD, Cat. #555029) and monensin (0.35 µL/mL, 
GolgiStop, BD, Cat. #554724) added for the last 14 h.

Following stimulation, cells were stained serially with LIVE/DEAD Fixable Aqua 
(Thermo Fisher, Cat. #L34957) and a cocktail of titrated fluorescently labeled antibodies 
to cell surface markers. Flow cytometry panel applied to peak immunogenicity and 
post-infection time points contained the following anti-human antibodies: CD95-BV421 
(Cat. #305624, clone DX-2), CD4 BV605 (Cat. #317438, clone OKT4), CD8 BV711 (Cat. 
#301044, clone RPA-T8), CCR7 BV785 (Cat. #353230, clone GO43H7), and ICOS AF700 
(Cat. #313528, clone C398.4A), all from BioLegend; CD28 PE-Cy5 (Cat. #555730, clone 
28.2), CD45RA BUV395 (Cat. #740315, clone 5H9), and PD-1 BUV737 (Cat. #612791, 
clone EH12.1), all from BD Biosciences. Intracellular cytokine staining was performed 
following fixation and permeabilization (BD Cytofix/Cytoperm, Becton Dickinson) with 
TNF FITC (Cat. #552889, clone Mab11), IFNγ APC (Cat. #551385, clone 4S.B3), CD3 
APC-Cy7 (Cat. #557757, clone SP34.2), and IL-21 PE (Cat. #560463, clone 3A3-N2.1), all 
from BD Biosciences; IL-2 BV650 (Cat. #500334, clone MQ1-17H12) and CD154 PE-CY7 
(Cat. #310832, clone 24-31), all from BioLegend; and CD69 ECD (Cat. #6607110, clone 
TP1.55.3) from Beckman Coulter. In secondary analyses of time points prior to the third 
immunization and for MVA immunity, the above panel was modified slightly with the 
following alternate antibodies: IL-21 Alexa Fluor 647 (Cat. #560493, clone 3A3-N2.1), 
CD154 BUV508 (Cat. #752857, clone 24-31), and IFNγ Alexa Fluor 700 (Cat. #506516, 
clone B27, BioLegend). Staining was measured on a BD FACSymphony A5 Research Cell 
Analyzer (BD Biosciences), and data were analyzed using FlowJo v.9.9.6 software (Tree 
Star, Inc.). Cytokine-positive CD4+ and CD8+ T cells were measured within pre-gated 
memory subsets, defined as single-positive or double-negative for CD45RA and CD28 
(Fig. S14). Boolean combinations of cells expressing one or more cytokines were used 
to calculate the sum of antigen-specific cells. Statistical analysis and display of multi­
component distributions were performed with SPICE v6.1 (NIAID, NIH) (110). Response 
functionality and polyfunctionality scores were determined using COMPASS (14).

Rectal mucosa lymphocytes were isolated from rectal biopsies. Rectal tissues (biopsy 
specimens, 10 to 12 pinches) were treated for 30 min with HBSS-EDTA medium 
containing 1 mM of EDTA (Life Technologies) in calcium/magnesium-free Hank’s 
balanced salt solution (Gibco BRL). Following the removal of epithelium and intraepithe­
lial lymphocytes, tissues were digested by shaking at 37°C with RPMI 1640 supplemented 
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with 5% fetal bovine serum (FBS), 2 mM L-glutamine, and penicillin-streptomycin 
(RPMI5), plus collagenase IV (1 mg/mL; Sigma-Aldrich) for 1 h, changing to fresh RPMI5 
plus collagenase after 30 min. Digested tissue was pressed twice through a 100 μm 
pore size filter and a 70 μm pore size filter. HIV-specific CD4+ and CD8+ T cell responses 
were detected using HIV-1 PTE Env Pool 1 and Pool 2 (NIH AIDS Research and Reference 
Reagent Program). Cells (1 × 106) in RPMI 1640 medium (containing 10% fetal bovine 
serum and antibiotics) were incubated with and without peptide pools for 1 h or in 
the presence of the phorbol 12-myristate 13-acetate (PMA; 10 ng/mL) plus Ionomycin (1 
μg/mL; Sigma) as a positive control. Peptide diluent (1% DMSO) served as the negative 
control. Co-stimulatory antibodies to CD28 and CD49d (0.5 μg/mL; BD Pharmingen) 
were added to all the samples to maximize the detection of T cells with higher activa­
tion thresholds. GolgiPlug (1 μg/mL; BD Biosciences) was added to all cultures, which 
were then incubated for an additional 10–12 h. The cells were washed and stained for 
15 min using LIVE/DEAD-Pacific Blue (Life Technologies), followed by surface staining 
with the following anti-human antibodies: CD3-Alexa Fluor 700 (BD Biosciences), CD8 
APC-C7 (BD Biosciences), CD4 BV605 (BD Biosciences), CD154 APC (BioLegend), and 
CD195 PerCP-Cy5.5 (CCR5) (Beckman Coulter). Cells were permeabilized with Caltag 
Fixation and Permeabilization Kit (Life Technologies) and stained intracellularly with IL-2 
PE (BD Biosciences), IFNγ PE Cy7 (BD Biosciences), CD69 Texas Red (BD Biosciences), and 
TNFα-FITC (BD Biosciences). Fluorescence was measured by flow cytometry on a Fortessa 
(BD Biosciences) or the MACSQuant Analyzer 16 (Miltenyi Biotec) (Fig. S15).

Binding of antibodies and plasma to cell surface-expressed Env

293T human embryonic kidney cells (ATCC) and CD4+ T lymphocytes were isolated, 
activated, and cultured as previously described (111). CD4+ lymphocytes were isola­
ted from rhesus macaque PBMCs (kindly provided by Matthew Parsons, MHRP) using 
EasySep Non-Human Primate CD4+ T Cell Isolation Kit (StemCell Technologies, Cat. 
#19582) and activated with T Cell Activation/Expansion Kit for non-human primate 
(Miltenyi Biotec, Cat. #130-092-919) for 48 h. Cells were maintained in complete RPMI 
1640 medium supplemented with rIL-2 (100 U/mL) until infection.

For in vitro infection, vesicular stomatitis virus G (VSV-G)-pseudotyped SHIV viru­
ses were produced by co-transfection of 293T cells with a SHIV proviral construct 
and a VSV-G-encoding vector using polycation polyethylenimine (PEI). We used VSV-G 
pseudotypes to ensure a high frequency of infected (p27+) cells for analysis, as VSV-G 
improves entry but does not affect the expression, localization, or trafficking of the newly 
synthesized Env. Two days post-transfection, cell supernatants were harvested, clarified 
by low-speed centrifugation (300 × g for 5 min), and concentrated by ultracentrifugation 
at 4°C (100,605 × g for 1 h) over a 20% sucrose cushion. Pellets were resuspended in 
fresh RPMI, and aliquots were stored at −80°C until use. Viruses were then used to infect 
activated NHP primary CD4+ T cells by spin infection at 800 × g for 1 h in 96-well plates 
at 25°C. All experiments using VSV-G-pseudotyped SHIV isolates were conducted in a 
biosafety level 3 laboratory following manipulation protocols approved by the CRCHUM 
Biosafety Committee, which complies with the requirements of the Public Health Agency 
of Canada.

Cell surface staining was performed at 48 h post-transfection of SHIV proviruses in 
293T cells or post-infection in macaque primary CD4+ T cells with SHIV-1157ipd3N4. 
Mock, transfected, or infected cells were incubated for 45 min at 37°C with anti-Env 
mAbs (5 µg/mL) or plasma from people living with HIV-1 (PLWH) (1:1,000 dilution, 
obtained from the FRQS-AIDS and Infectious Diseases Network, the Montreal Primary 
HIV-1 Infection Cohort) (112, 113)). Cells were then washed twice with PBS and stained 
with the appropriate Alexa Fluor 647-conjugated secondary antibody (2 µg/mL, Thermo 
Fisher Scientific) and the viability dye AquaVivid viability (Thermo Fisher Scientific) for 
20 min at room temperature, followed with the staining with PE-conjugated mouse 
anti-human CD4 (Clone OKT4) antibody (1:500 dilution) for 20 min. Cells were then 
washed twice with PBS and fixed in a 2% PBS-formaldehyde solution. Infected cells were 
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permeabilized using the Cytofix/Cytoperm Fixation/Permeabilization Kit (BD Biosciences) 
and stained intracellularly using FITC-conjugated mouse anti-p24 mAb (clone KC57; 
Beckman Coulter; 1:100 dilution). Samples were acquired on an LSR II cytometer (BD 
Biosciences), and data analysis was performed using FlowJo v10.5.3 (Tree Star).

Statistical analysis

Survival analysis was performed to assess the effect of different vaccine groups on 
the time to infection. The discrete infecting challenge (i.e., 1, 2, …, 10) was treated as 
the time-to-event data. A Cox proportional hazards model was utilized to compare the 
hazard rates among the different vaccine groups. This semi-parametric model allows 
estimation of hazard ratios without making assumptions about the shape or scale of 
the underlying survival distribution. The model was fit using R’s survival package in 
R environment (version 4.3.1) with “Infecting challenge” as the response variable and 
“Vaccine group” as the predictor. The reference group for these analyses was set as Sham.

Statistical comparisons of immunological and virological outcomes between groups 
were performed using GraphPad Prism v9.4.1 software. Primary immunogenicity outputs 
were compared across vaccination groups using a non-parametric Mann-Whitney test. A 
non-parametric permutation test was performed to compare the CD4+ T cell response 
functionality between vaccine arms in SPICE. Post-vaccination comparisons were made 
across all three groups using a Kruskal-Wallis test. Non-parametric pairwise comparisons 
between groups were made using the Dunn’s post-hoc test. Statistical significance was 
set at an alpha level of 0.05.
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