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ABSTRACT An efficacious human immunodeficiency virus (HIV) vaccine will likely
require induction of both mucosal and systemic immune responses. We compared
the immunogenicity and protective efficacy of two mucosal/systemic vaccine regi-
mens and investigated their effects on the rectal microbiome. Rhesus macaques
were primed twice mucosally with replication-competent adenovirus type 5 host
range mutant (Ad5hr)-simian immunodeficiency virus (SIV) recombinants and
boosted twice intramuscularly with ALVAC-SIV recombinant plus SIV gp120 pro-
tein or with DNA for SIV genes and rhesus interleukin-12 plus SIV gp120 protein.
Controls received empty Ad5hr vector and alum adjuvant only. Both regimens elic-
ited strong, comparable mucosal and systemic cellular and humoral immunity. Pre-
vaccination rectal microbiomes of males and females differed and significantly
changed over the course of immunization, most strongly in females after Ad5hr im-
munizations. Following repeated low-dose intrarectal SIV challenges, both vaccine
groups exhibited modestly but significantly reduced acute viremia. Male and female
controls exhibited similar acute viral loads; however, vaccinated females, but not
males, exhibited lower levels of acute viremia, compared to same-sex controls. Few
differences in adaptive immune responses were observed between the sexes. Strik-
ing differences in correlations of the rectal microbiome of males and females with
acute viremia and immune responses associated with protection were seen and
point to effects of the microbiome on vaccine-induced immunity and viremia con-
trol. Our study clearly demonstrates direct effects of a mucosal SIV vaccine regimen
on the rectal microbiome and validates our previously reported SIV vaccine-induced
sex bias. Sex and the microbiome are critical factors that should not be overlooked
in vaccine design and evaluation.

IMPORTANCE Differences in HIV pathogenesis between males and females, includ-
ing immunity postinfection, have been well documented, as have steroid hormone
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effects on the microbiome, which is known to influence mucosal immune responses.
Few studies have applied this knowledge to vaccine trials. We investigated two SIV
vaccine regimens combining mucosal priming immunizations and systemic protein
boosting. We again report a vaccine-induced sex bias, with female rhesus macaques
but not males displaying significantly reduced acute viremia. The vaccine regimens,
especially the mucosal primes, significantly altered the rectal microbiome. The great-
est effects were in females. Striking differences between female and male macaques
in correlations of prevalent rectal bacteria with viral loads and potentially protective
immune responses were observed. Effects of the microbiome on vaccine-induced
immunity and viremia control require further study by microbiome transfer. How-
ever, the findings presented highlight the critical importance of considering effects
of sex and the microbiome in vaccine design and evaluation.

KEYWORDS SIV vaccine, cellular immunity, humoral immunity, microbiome, mucosal
and systemic immunization, rhesus macaque

he modest success of the RV144 clinical human immunodeficiency virus (HIV)

vaccine trial in Thailand, resulting in 31.2% efficacy, provided hope that develop-
ment of an efficacious HIV vaccine would be possible (1). The results also strengthened
the interest of the vaccine field in humoral immunity, as IgG antibodies specific for HIV
Env variable regions 1 and 2 (V1 and V2) were negatively correlated with the risk of HIV
infection (2). Numerous approaches are under way, not only targeting the V1/V2 region
but also aimed more generally at induction of broadly neutralizing antibodies. Strate-
gies include improved design of native envelope trimers to serve as better immuno-
gens (3, 4) and sequential vaccination strategies to steer the humoral immune response
from germ line precursors eventually to the desired broadly neutralizing antibodies (5,
6). At the same time, while antibodies, including nonneutralizing antibodies that
mediate protective functional activities, are of prime interest, development of vaccine
strategies optimizing cellular immunity is ongoing. Polyvalent mosaic vaccines aim to
induce immunity against the broad global spectrum of circulating HIV isolates (7) and
have been shown to increase the breadth and depth of cellular immunity in nonhuman
primates (NHPs) (8). Design of “conserved element” vaccines aims to circumvent
dominant epitopes present in variable regions of the virus and to target a broad range
of viral isolates by eliciting responses to subdominant epitopes present in conserved
viral regions (9). A novel cytomegalovirus (CMV)-vectored vaccine was shown to be
highly promising, resulting in viral clearance in approximately 50% of immunized and
simian immunodeficiency virus (SIV)-challenged macaques (10). A recent attenuated
version provided SIV control and progressive clearance in 59% of intravaginally chal-
lenged macaques (11). Persistent SIV-specific effector memory (EM) T cell responses
restricted by major histocompatibility complex E (MHC-E) have been associated with
this viral clearance (12).

The majority of these HIV vaccine approaches rely on systemic immunization;
however, most HIV infections occur across the rectal/genital mucosa, suggesting a
possible benefit of inducing strong mucosal immunity, as reviewed previously (13). In
our preclinical vaccine trials, we have pursued a mucosal/systemic vaccine regimen,
with priming by mucosal immunization to the upper respiratory tract with replication-
competent adenovirus type 5 host range mutant (Ad5hr) recombinants able to repli-
cate in rhesus macaques, followed by systemic intramuscular boosting with envelope
proteins. This approach has led to partial protection against single high-dose HIV
challenges in chimpanzees (14) and SIV (15, 16) and simian-human immunodeficiency
virus (SHIV) (17, 18) challenges in rhesus macaques, as well as reduced risk of SIV
acquisition following repetitive low-dose intrarectal challenges in rhesus macaques
(19).

Recently, we evaluated the immunogenicity of several novel vaccine regimens that
combined different mucosal priming and systemic booster immunizations (20-22).
Among the booster immunizations, we evaluated an ALVAC/Env regimen mimicking
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ALVAC/Env Ad5hr-SIVy6Env ALVAC-SIV),;¢6Env/Gag/Pro + Begin weekly low dose

(n=25) Ad5hr-SIV,;,Gag 8D-SIVy17668c7v 8P120s SIV ac251 Challenges
in alum-hydroxide

DNA&ENv Ad5hr-SIVy,6cEnv DNA Env/Gag/IL-12 +

(n=25) Ad5hr-SIV,;,Gag 8D-SIVy17668c7v 8P120s
in alum-phosphate

Control Ad5hr-empty vector Alum-hydroxide (n =5) or

(n=10) Alum-phosphate (n = 5)

FIG 1 Immunization and challenge scheme. As detailed in Materials and Methods, 50 macaques (24
females and 26 males) were primed mucosally at weeks 0 and 12 with replication-competent Ad5hr
recombinants separately encoding SIV,,,¢s 9p120-TM and SIV,;, Gag. Ten controls (4 females and 6
males) received empty Ad5hr vector. Subsequently, at weeks 24 and 36, macaques in the ALVAC/Env
group (n =25; 12 females and 13 males) were boosted systemically with ALVAC-SIV,,,c, Gag/pro/
gp120-TM in one thigh and gD-SIVy,,¢s 9p120 and gD-SIVc,, gp120, both in alum hydroxide, in the
opposite thigh. Macaques in the DNA&Env group (n = 25; 12 females and 13 males) were boosted
systemically with DNA encoding SIV,,,¢s 9p120-TM, SIV,5, Gag, and macaque IL-12, followed by elec-
troporation and immediate intramuscular administration of the same SIV gD-gp120 proteins in alum
phosphate at the same anatomical sites. Control animals (5 in the ALVAC/Env group and 5 in the
DNA&ENv group) received alum hydroxide or alum phosphate only. At week 42, weekly repeated
low-dose intrarectal challenges with SIV_,,s; (1:500 dilution; 120 times the TCID,,) were initiated. All
macaques received up to 15 challenges until infection occurred. O, oral; IN, intranasal; IT, intratracheal;
IM, intramuscular; IR, intrarectal.

the successful RV144 regimen except that the HIV immunogens of RV144 were changed
to SIV. This regimen has since shown a vaccine efficacy in rhesus macaques of 44% (23).
We also evaluated a DNA&Env regimen shown to elicit potent, long-lasting anti-Env
antibodies (24, 25). The results of these combined strategies suggested that initial
mucosal priming with replication-competent Ad5hr-SIV recombinants followed by
boosting with either an ALVAC/Env or a DNA&Env regimen might induce strong,
long-lasting, and functional systemic and mucosal SIV-specific antibodies. Here, we
evaluated these two combined regimens in a preclinical vaccine study in rhesus
macaques, comparing induction of cellular and humoral immune responses and sub-
sequent protection against repeated low-dose intrarectal SIV challenges. Further, in
view of our premise that mucosal priming is important for eventual vaccine protective
efficacy, we investigated the microbiome over the course of immunization, as it is
known to help shape mucosal immune responses (26).

RESULTS

Kinetics of cellular immune responses differ according to immunization route.
Induction of SIV Gag-specific CD8* and CD4* total memory (TM) T cells (defined in
Materials and Methods) were assessed by intracellular cytokine staining and flow
cytometry analysis prior to and 2 weeks following each immunization (see the vacci-
nation schedule in Fig. 1) and 2 weeks postinfection (wpi). As shown in Fig. 2A and B,
the frequencies of both CD8* and CD4 ™" cytokine-positive TM T cells in blood increased
significantly following the first intramuscular boost at week 24, with little change
thereafter in the CD8™ T cell frequency and a slight decline in the CD4™ T cell frequency
following the second boost at week 36. No changes in the CD8" and CD4* Gag-specific
T cell frequencies in peripheral blood mononuclear cells (PBMCs) of the control animals
were seen over the course of immunization (data not shown). In contrast to the PBMCs,
SIV Gag-specific CD8F and CD4* TM T cell frequencies in rectal tissue were significantly
induced by the first mucosal Ad5hr-SIV recombinant immunization (Fig. 2C and D). The
rectal CD4™ T cells exhibited a further significant increase in frequency following the
second Ad5hr-SIV recombinant immunization at week 12 (Fig. 2D). The rectal CD8* and
CD4+ TM T cell frequencies did not increase further following the booster immuniza-
tions. Similar to the PBMCs, no changes in the rectal CD8* and CD4+ Gag-specific T cell
frequencies of the control animals were observed over the course of immunization,
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FIG 2 Kinetics of cellular immune responses differ according to immunization route. (A to D) Gag-specific total memory CD8* (A and C) and CD4* (B and D)
T cells in PBMCs (A and B) and rectal tissue (C and D) are reported as percentages of cytokine-positive T cells (sum of IFN-y*, IL-2*, and TNF-a* cells) and are
shown across the course of immunization for all vaccinated macaques. (E and F) The percentages of CM9* CD8* T cells in a group of vaccinated Mamu-A*01
macaques are shown for PBMCs (E) and rectal tissue (F). In both panels, results are shown for cells obtained at week 14 (after the second Ad5hr immunization)
and at week 38 (after the second boost immunization) for all vaccinated macaques and for each vaccinated group separately. (G and H) Envy,, and
Enveg,y-specific CD8+ and CD4* cytokine-positive T cells prior to immunization and at week 38 in PBMCs (G) and rectal tissue (H) are shown. *, P < 0.05; **,
P < 0.01; ***, P < 0.001; ****, P < 0.0001.

although, compared to the preimmunization level, Gag-specific CD8*+ TM T cells of the
control macaques were increased marginally at 2 wpi (P = 0.041; data not shown).
Overall, the sequential mucosal and systemic immunizations influenced induction of
cellular immune responses in different compartments, with the mucosal primes elicit-
ing responses in rectal tissue and the systemic boosts eliciting responses in PBMCs. This
was also seen in analyses of CM9+ CD8* T cells in a separate subset of 10 Mamu-A*01"
macaques. In PBMCs, CM9™ cells in all of the vaccinated macaques tended to increase
at week 38 following the booster immunization (Fig. 2E). In contrast, in the same 10
macaques, CM9™ responses in rectal tissue significantly declined between week 14,
following the mucosal Ad5hr-SIV recombinant immunization, and week 38 (Fig. 2F).

We focused here on the kinetics of Gag-specific T cell responses because they
represented the most complete data sets for analyses of both PBMCs and rectal tissue.
In some cases, we lacked sufficient rectal cells to assay more than one SIV antigen; in
those cases, we selected Gag for analysis. However, we did evaluate induction of
Envy,66- and Enveg,-specific CD8* and CD4™ TM T cell responses. Significant in-
creases in frequencies of Envg,-specific but not Envy,,¢s-specific CD8" TM T cells in
both blood and rectal tissue (Fig. 2G and H) were observed when preimmunization
frequencies were compared to frequencies at the end of the immunization regimen
(week 38). In contrast, the CD4* Env-specific T cell frequencies increased significantly
in blood for both the SIV Env strains (Fig. 2G), whereas no significant increases were
seen for CD4™ T cells in rectal tissue (Fig. 2H).

A comparison of SIV Gag responses between the two vaccine regimens revealed few
differences. The DNA&Env regimen exhibited a higher frequency of Gag-specific CD8*
TM T cells in blood at week 38, the end of the immunization regimen, compared to the
ALVAC/Env group (mean percentages of 0.85 = 0.19 and 0.31 = 0.051, respectively;
P = 0.011). No other differences in total Gag-specific CD4* or CD8™ responses in blood
and rectal tissue were observed. The CM9+ cell frequencies in blood were significantly
elevated at both week 14 and week 38 in the DNA&Env group, compared to those in
the ALVAC/Env group (Fig. 2E), whereas no differences between immunization groups
were seen in rectal tissue (Fig. 2F). The higher CD8* T cell responses in blood at week
38 elicited in the DNA&Env group are not surprising, as ALVAC-based vaccines poorly
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induce cellular responses (27). Moreover, interleukin 12 (IL-12) DNA present in the DNA
immunogen has been shown to increase cytotoxic T cell responses in macaques
immunized with SIV DNA vaccines (28).

Induction of binding and functional antibodies by the vaccine regimens. We
next investigated the kinetics of serum SIV Env-specific antibody development, assess-
ing reactivities to SIVy,¢c and SIVcg,, gp120s, as both were present in the booster
immunogens. Significant binding antibodies did not develop until after the first sys-
temic boost at week 24 (Fig. 3A and B). Comparisons of reactivities between the two
vaccine arms gave mixed results. The DNA&Env group developed higher binding
antibody titers to SIV,,,¢ Env, compared to SIV.g,y, Env, whereas the reverse was true
for the ALVAC/Env group (Fig. 3C). Further, the DNA&Env group exhibited higher titers
against SIV,,,¢¢ Env than did the ALVAC/Env group. In keeping with its higher M766-
specific binding titers, the DNA&Env group exhibited higher neutralizing antibody titers
to tier 1A SIV,,,s16 than did the ALVAC/Env group (Fig. 3D), but no difference
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between groups in the ability to neutralize tier 1B SIVg,, was seen. In both groups, the
neutralizing titers against SIV,,,.»516 Were significantly higher than the titers against
SIVceoy (Fig. 3D). Similarly, no difference in antibody-dependent cellular cytotoxicity
(ADCC) was seen between groups (Fig. 3E). However, the DNA&Env group showed
elevated antibody-dependent cellular phagocytosis (ADCP) activity, compared to the
ALVAC/Env group (Fig. 3F).

Mucosal Ad5hr-SIV recombinant immunization did not elicit detectable Env-specific
IgG or IgA antibodies in rectal secretions; however, both developed following the
booster immunizations (Fig. 3G and H). At week 38, 2 weeks after the last immunization,
the DNA&ENnv group exhibited higher Env-specific IgG levels, compared to the ALVAC/
Env group (Fig. 3I), consistent with results of the serum binding antibody titers. No
difference between the groups was noted for rectal Env-specific IgA levels at week 38
(Fig. 3I).

Induction of Ty, cells and B cells associated with antibody development. To
investigate factors associated with antibody development, we assessed Env-specific T
follicular helper (Tg,,) cells in germinal centers (GCs) of lymph node (LN) biopsy samples
from a subset of the macaques by flow cytometry. The ALVAC/Env group exhibited
significantly higher levels of both Env,,,¢s- and Envcc,-specific T, cells than did the
DNA&ENnv group at week 38 following the last booster immunization (Fig. 4A), sug-
gesting the potential to provide greater T cell help to B cells. This outcome was
mirrored by moderately but significantly higher levels of IgG Env,,,¢s-Specific memory
B cells in the bone marrow of the ALVAC/Env group, compared to the DNA&Env group
(Fig. 4B). However, no differences were observed between immunization groups for
Envcg-specific IgG memory B cells or IgA memory B cells specific for either Env
(Fig. 4B and C) or higher levels of bone marrow IgG plasmablasts (PBs) and plasma cells
(PCs) at week 38, as assessed by enzyme-linked immunosorbent spot assay (ELISPOT)
(Fig. 4D). As expected, levels of bone marrow Env-specific IgG and IgA antibody-
secreting cells were increased in response to SIV Env antigen at 2 wpi (Fig. 4D and E).
IgA bone marrow memory B cells specific for both Env proteins exhibited greater
frequencies, compared to IgG memory B cells, for both immunization groups (Fig. 4B
and Q). We also observed significantly higher frequencies of bone marrow IgA Envc,~
specific PBs and PCs in the ALVAC/Env group, compared to the DNA&Env group, at
week 38 (Fig. 4E). Flow cytometric analysis showed no significant differences between
the vaccine groups in Env-specific memory B cells in rectal tissue of the immunized
macaques (Fig. 4F). However, frequencies of total PBs and PCs in rectal tissue in the
ALVAC/Env group were significantly higher than those in the DNA&Env group (Fig. 4G
and H).

Overall, both vaccine regimens elicited strong humoral immunity. While the
DNA&ENnv group exhibited higher levels of binding antibodies in serum and rectal
secretions and higher levels of circulating antibodies with functional activities, the
ALVAC/Env group exhibited a greater potential to provide B cell help and elevated
levels of PBs and PCs in bone marrow and rectal tissue. These contrasting results
obtained at a single time point 2 weeks after the last immunization may reflect
differences in how the vaccine boosts were administered and the kinetics of the
responses. The ALVAC/Env group received ALVAC and Env boosts in opposite thighs,
while the DNA&Env group received boosts of both immunogens in the same thigh (see
Materials and Methods). Thus, B cell maturation and development at draining LNs
might have experienced different kinetics of response, with the times of peak PB and
PC development differing from that of serum antibody secretion; the single time point
evaluated might not have captured the peak of one or the other. Future evaluation of
vaccine-induced humoral immunity over a broader postimmunization time scale could
assess this possibility.

The vaccine regimen strongly impacts the rectal microbiome. To investigate the
effect of vaccination on the genital/rectal microbiome, DNA was purified from both
vaginal and rectal swab samples collected prior to immunization and over the course
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FIG 4 Induction of T, cells and B cells associated with antibody development. (A) Tg, cells in LN GCs specific for both SIV,,,¢ and SIV.¢,, gp120 are shown
at week 38 for each vaccine arm. (B and C) SIV Env-specific IgG and IgA bone marrow memory B cells are similarly shown for both Env strains (M766 [B] and
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of immunization, and 16S rRNA gene sequences were analyzed for identification and
quantitation of the bacteria present. The rectal microbiota of females and males prior
to immunization differed (Fig. 5A). Given this initial difference, we investigated the male
and female rectal microbiota separately over the course of immunization. Both the
mucosal priming immunizations and the systemic boosts resulted in distinct shifts in
bacterial profiles. Comparison of the rectal bacterial populations prior to immunization
with those present at week 14 after the mucosal Ad5hr-SIV recombinant immunizations
revealed population changes, with significant differences in both male and female
bacterial samples (Fig. 5B and C). Similarly, the bacterial populations present at week
14, compared to the postboost week 38 time point, exhibited significant differences in
both males and females (Fig. 5B and C). The microbiota at week 38 remained signifi-
cantly different from the populations observed prior to any immunization.

The five most prevalent bacterial phyla in the macaque rectal swabs were Firmicutes,
Bacteroidetes, Proteobacteria, Spirochaetae, and Cyanobacteria (Fig. 6). There were no
differences in the relative abundance of the five phyla between the vaccinated and
control macaques (which also received empty Ad5hr vector and alum adjuvant) over
the course of immunization at preimmunization to week 38 time points (Fig. 6A to D).
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FIG 5 The vaccine regimen strongly impacts the rectal microbiome. PCoA graphs were built using the Bray-Curtis dissimilarity matrix, a quantitative measure
of community dissimilarity. (A) The difference in rectal microbiomes of male and female macaques prior to immunization. (B and C) Changes in rectal
microbiomes of male (B) and female (C) macaques over the course of immunization. Combined PCoA plots include preimmunization, week 14, and week 38

time points. Statistical analysis was done using the PERMANOVA test for beta diversity.

A difference following infection (2 wpi) was only seen for Bacteroidetes (P = 0.020)
(Fig. 6D). Therefore, here we plotted bacterial prevalences of the vaccinated and control
macaques together.

Prior to immunization, the prevalences of bacteria in these five phyla were very
similar between males and females (Fig. 6E to I), with a significant difference seen only
in the relative abundance of Bacteroidetes (Fig. 6F). The subsequent response to the two
mucosal Ad5hr-SIV recombinant immunizations can be seen by comparing bacteria at
the preimmunization and week 14 time points. At the phylum level, the greatest
differences occurred in females, for which significant changes were seen in four of the
five predominant phyla. The prevalences of Bacteroidetes and Cyanobacteria dropped
significantly (Fig. 6F and I), while Proteobacteria and Spirochaetae prevalences increased
(Fig. 6G and H). At the same preimmunization and week 14 time points, the male
macaques exhibited changes in only two of the five phyla, exhibiting a more modest
increase in Proteobacteria and a more modest decrease in Cyanobacteria (Fig. 6G and ).
Shifts in bacterial prevalences in response to the two protein boosts can be seen by
comparing populations present at week 14 with those at week 38. At the phylum level,
bacterial frequencies indicated a reversion in females to levels close to those seen prior
to immunization, with significant increases in Bacteroidetes and Cyanobacteria (Fig. 6F
and 1) and a significant decrease in Proteobacteria (Fig. 6G). At these same time points,
males exhibited a small decrease in Proteobacteria and an increase in the abundance of
Cyanobacteria (Fig. 6G and I). By 2 wpi, the rectal bacterial prevalences of these phyla
in both males and females were similar to those at the preimmunization time points
with the exception of a modestly decreased prevalence of Bacteroidetes in females and
an increase in Proteobacteria in both males and females (Fig. 6F and G). Overall, the
prime/boost vaccine regimen greatly impacted the rectal microbiome, with the Ad5hr-
SIV recombinant and Ad5hr empty vector administrations having the greatest effect.

Repeated low-dose SIV intrarectal exposures reveal differences in viremia
control between males and females. Having established that both vaccine regimens
were immunogenic, eliciting cellular and humoral immune responses mucosally and
systemically, we initiated repeated low-dose SIV,,,,.,s, intrarectal challenges to assess
vaccine efficacy. After 15 weekly challenges, all 10 adjuvant-treated controls were
infected, while 7 vaccinated macaques remained uninfected (4 in the ALVAC/Env group
and 3 in the DNA&Env group) (Fig. 7A to C). However, we observed no significant
reduction in the risk of SIV acquisition in all of the vaccinated macaques, compared to
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FIG 6 Analysis of the five most abundant bacterial phyla in the rectal microbiome of vaccinated macaques reveals the greatest changes in female macaques
following Ad5hr priming. (A to D) Comparison of the relative abundances of the five most prevalent bacterial phyla for control and vaccinated macaques over
the course of immunization and at 2 wpi. (E to 1) The five most prevalent bacterial phyla found in the rectal microbiomes of the combined control plus
vaccinated macaques, shown from most to least prevalent. In each panel, the relative abundance of each phylum is shown across the course of the vaccine
regimen for males and females. Changes were most often detected between the preimmunization samples and post-Ad5hr immunization samples (week 14)
and showed greatest statistical confidence for the female macaques, as indicated by the fold changes beneath the time points. *, P < 0.05; **, P < 0.01; ***,

P < 0.001; ****, P < 0.0001.

the adjuvant-treated controls (Fig. 7A). Further, neither immunization group exhibited
significant acquisition risk reduction (Fig. 7B and C). Overall, however, the vaccinated
macaques exhibited significantly, although modestly, decreased peak viral loads (Fig.
7D). Because we previously reported a sex bias in SIV vaccine challenge outcomes (19),
we examined the results here in females and males separately. No significant difference
in the peak viral loads of the control female and male macaques was observed
(medians of 1.03 X 108 and 4.71 X 107 SIV RNA copies/ml, respectively; P = 0.24)
indicating there was no difference in early pathogenesis between the sexes. However,
the vaccinated female macaques exhibited significantly lower viral loads over the acute
phase of infection, compared to the female controls (Fig. 7E), while the vaccinated
males, compared to the male controls, did not (Fig. 7F). The result was retained when
the two vaccination groups were evaluated separately (Fig. 7G to J), which validated
our previous finding of a vaccine-induced sex bias in protection against SIV (19).

To determine the basis for this sex difference in control of viremia, we reanalyzed
vaccine-induced immune responses, comparing outcomes in male versus female ma-
caques at week 38, the last sampling time point prior to initiation of SIV challenge
exposures. Overall, no differences between the sexes were seen with regard to vaccine-
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FIG 7 Repeated low-dose SIV intrarectal exposures reveal differences in viremia control between males and females. (A to C) Survival curves for all vaccinated
macaques (A) and the individual ALVAC/Env-vaccinated (B) and DNA&Env-vaccinated (C) groups, compared to adjuvant-treated controls, are shown. (D to F)
Plasma viral loads for all vaccinated macaques. compared to adjuvant controls (D), all vaccinated females, compared to female controls (E), and all vaccinated
males, compared to male controls (F). (G and H) Comparison of ALVAC/Env-vaccinated females (G) and males (H), compared to their respective controls. (I and
J) Comparison of DNA&Env vaccinated females (I) and males (J), compared to their respective controls. Geometric mean viral loads are shown = standard error
of the mean. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

induced CD4* or CD8* SIV Gag-specific responses in PBMCs or rectal tissue (Fig. 8A to
D), serum binding reactivities (Fig. 8E), and functional serum antibody activities (Fig. 8F
to H). Neutralizing antibody activity was seen to be greater against the tier 1A
SIV hacas1.6 Virus, compared to the tier 1B SIV,\ce60/8r-carvart Virus, but this was seen in
both males and females (Fig. 8F). Differences between male and female vaccinated
macaques were not observed with regard to rectal IgG or IgA Env-specific secretory
antibodies (Fig. 81 and J). Sex differences were not observed in the frequencies of
Env-specific GC Tg,, cells (Fig. 9A) or levels of Env-specific memory B cells in PBMCs or
rectal tissue (Fig. 9B and C). We did see higher levels of rectal SIV.g,, Env-specific
memory B cells in both males and females, compared to those specific for SIVy,,¢¢ Env,
presumably due to the close homology of the former Env to that in the priming Ad5hr
recombinant. Bone marrow Env-specific IgG and IgA PB and PC responses also did not
differ between males and females (Fig. 9D and E). The only differences in immune
responses noted between male and female vaccinated macaques were in bone marrow
IgG and IgA Env-specific memory B cell responses, with the males having slightly higher
memory B cell frequencies than the females (Fig. 9F and G).

Because differences between the sexes in vaccine-induced immune responses were
lacking except for the bone marrow memory B cell responses, we looked for immune
responses that were directly associated with decreased peak viremia in female or male
vaccinated macaques; however, none was observed. Therefore, we considered that the
rectal bacterial microbiome, which was affected by the vaccine regimen and exhibited
sex differences (Fig. 5 and 6), might have influenced the challenge results.

Differential effects of bacteria in rectal microbiomes of male and female
macaques on control of viremia and vaccine-induced immune responses. We first
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FIG 8 No differences between vaccinated males and females in SIV Gag-specific T cells in blood or rectal tissue or in serum binding antibodies, antibodies with
functional activity, or antibodies in rectal secretions. (A to D) SIV Gag-specific memory CD8* (A and C) and CD4+ (B and D) T cells in PBMCs (A and B) or in
rectal tissue (C and D) at week 38 and 2 wpi. (E) SIV,,,¢s and SIVc,, gp120-specific binding antibody titers at week 38 in males and females. (F) SIV,,,.,5: 6 and
SIVcg,v Neutralizing antibody titers at week 38 in vaccinated males and females. (G) ADCC activity (percent killing) in males and females at week 38. (H) ADCP
activity in males and females at week 38. (I and J) Env,,,¢s-specific IgG (I) and IgA (J) in rectal secretions of males and females at week 38. *, P < 0.05; ***,
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investigated relationships between the rectal microbiota and viremia control and
observed strikingly different correlations in males and females. In female macaques,
Proteobacteria, Epsilonproteobacteria, and Campylobacterales bacteria (phylum, class,
and order levels, respectively) after the second boost (week 38) correlated with
decreased peak viral load, while no such correlations were observed in vaccinated
males (Fig. 10A). Similarly, Firmicutes, Bacilli, and Clostridiales bacteria (phylum, class,
and order, respectively) at week 38 correlated with increased peak viral loads in
vaccinated males, but no such relationships were seen in vaccinated females (Fig. 10B).

Further analysis of the rectal microbiota of the vaccinated macaques indicated that
bacterial populations in males and females impacted several immune responses dif-
ferently in males and females. Rectal Env-specific IgA was positively correlated with the
frequency of Bacteroidetes (phylum), Bacteroidia (class), and Bacteroidales (order) in
vaccinated females, but no such associations were seen in vaccinated males (Fig. 11A).
In males, neutrophil phagocytosis was strongly negatively associated with Proteobac-
teria (phylum), Epsilonproteobacteria (class), and Campylobacteriales (order), whereas
females tended to show positive correlations (Fig. 11B). Bone marrow IgA memory B
cells of vaccinated male macaques correlated negatively with bacteria of the phylum
Cyanobacteria, with identical correlation values seen for the class Melainabacteria and
the order Gastranaerophilales, whereas vaccinated females displayed no such correla-
tions (Fig. 11C). Importantly, some of these immune responses have been associated
with protective efficacy. For example, levels of rectal Env-specific IgA were previously
associated with reduced risk of SIV acquisition in vaccinated female macaques (19).
Neutrophil phagocytic activity has also been associated with reduced risk of acquisition
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(30). While we did not observe overall SIV acquisition risk reduction here in our
vaccinated macaques, we did see that both Env-specific rectal IgA in all the vaccinated
animals (Fig. 11D) and neutrophil phagocytosis in vaccinated males but not females
(Fig. 11E and F) were significantly correlated with a greater number of challenges
needed for infection. These correlations suggest that the rectal microbiome in males
and females differentially impacts both vaccine-induced immune responses potentially
important for protective efficacy and viral load outcomes following the SIV intrarectal
challenges.

It is equally clear that the vaccine regimen resulted in alterations in the rectal
microbiome potentially influencing viremia outcomes and vaccine-induced immunity.
In addition to the principal-coordinate analysis (PCoA) plots (Fig. 5), which illustrate the
impact of the mucosal and systemic elements of the vaccine regimen on the rectal
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FIG 10 Differential effects of bacteria in rectal microbiomes of male and female macaques on control of viremia and vaccine-induced immune responses. (A)
Correlation of percentage of Proteobacteria at week 38 and peak viral loads of vaccinated female and male macaques. Results of similar analyses of
Episilonproteobacteria and Campylobacterales are shown below without the actual plots. (B) Correlation of percentage of Firmicutes at week 38 versus peak viral
loads of vaccinated female and male macaques, with results of correlations with Bacilli and Clostridiales shown below. Results were obtained by Spearman rank
correlation analyses.
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FIG 11 Differential effects of bacteria in rectal microbiomes of male and female macaques on vaccine-induced immune responses, including those associated
with protection. (A) Correlation of percentages of Bacteroidetes at week 38 with Env-specific rectal IgA levels at the same time point in vaccinated female and
male macaques. Results of similar analyses of Bacteroidia and Bacteroidales are shown below without the actual plots. (B) Correlation of percentages of
Proteobacteria at week 38 with phagocytic scores at the same time point in female and male macaques. Results of correlations with Epsilonproteobacteria and
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were obtained by Spearman rank correlation analyses.

microbiome, associations of peak viral loads with the frequency of particular bacteria
over the course of vaccination fluctuated. For example, in vaccinated males, almost no
correlation with the abundance of the bacterial class Bacilli was found prior to immu-
nization and a weak correlation was found following the Ad5hr-SIV recombinant
immunization at week 14; however, by week 38, following two booster immunizations,
a strong positive correlation was seen between the frequency of the class Bacilli and
peak viral loads (Fig. 12A). With regard to vaccine-induced immunity, we observed that,
in vaccinated females, bacteria of the phylum Fibrobacteres prior to immunization were
negatively correlated with week 38 rectal Env-specific IgA levels but this correlation was
weakened over the course of immunization (Fig. 12B). In contrast, bacteria of the
phylum Bacteroidetes in female macaques displayed no correlation with rectal Env-
specific IgA levels at preimmunization and week 14 time points but week 38 bacteria
showed a strong positive correlation (Fig. 12C). Overall, while our data do not point to
a single bacterial species responsible for induced immune responses or lower peak
viremia levels in vaccinated female macaques, they illustrate the potential impact of the
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FIG 12 The rectal microbiome impacts immune responses; vaccine-induced alterations in the rectal microbiome impact viremia outcomes and induced
immunity. (A) In vaccinated males, percentages of Bacilli do not correlate with peak viral loads prior to vaccination and following Ad5hr priming but do
positively correlate following the booster immunization. (B) In vaccinated females, percentages of Fibrobacteres are negatively correlated with rectal Env-specific
IgA levels prior to immunization but the correlation is lost following the Ad5hr prime and booster immunizations. (C) In vaccinated females, the percentages
of Bacteroidetes prior to immunization and post-Ad5hr priming do not correlate with rectal Env-specific IgA levels but a positive correlation is seen following

the booster immunization at week 38. Results were obtained by Spearman rank correlation analyses.

rectal microbiota on induced immunity, outcomes of SIV exposures and infection, and
differential effects on males and females. These possibilities should be confirmed in
future microbiome transfer studies, which were not possible here.

DISCUSSION

As expected, our combined mucosal-systemic immunization strategy elicited strong
immunity, both cellular and humoral, at mucosal and systemic sites; however few
differences overall were seen between the ALVAC/Env and DNA&ENv regimens. Neither
combined regimen resulted in reduced risk of SIV acquisition, compared to controls;
however, significantly reduced acute viremia in female macaques, compared to female
controls, was seen, a result not seen in males, confirming our earlier findings of a
vaccine-induced sex bias (19). Further, the rectal microbiome was shown to vary with
the vaccination regimen and differentially impact viremia control and immune re-
sponse induction in male and female macaques. Both findings are significant with
regard to the design and analysis of vaccine trials.

We previously documented a vaccine-induced sex bias in a preclinical study in
which vaccinated females but not males exhibited significantly reduced SIV acquisition
risk, compared to their corresponding controls (19). This was the first evidence of a sex
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bias in SIV vaccine efficacy, suggesting the importance of monitoring both males and
females in preclinical and clinical vaccine trials. The reduced SIV acquisition risk in
vaccinated females seen earlier was associated with local mucosal B cell immunity,
including rectal IgA antibodies (19), but a variety of other responses were shown to
impact protective outcomes differently between the sexes, including IgG subtype,
Env-specific Ty, cells, B regulatory cells, Fc glycosylation of antibodies, and antibody-
dependent complement-mediated lysis (31-33). For that reason, here we evaluated a
broad spectrum of vaccine-induced immune responses. We confirmed the previously
observed sex bias, although the challenge outcomes differed. Significantly reduced
acquisition risk in this study was not seen, perhaps due to changes in the vaccine
regimen. Previously, the macaques were primed with Ad5hr SIVenv,,,.,,./rev, SIVgag,;e,
and SIVnef,5, recombinants and boosted with SIV gp120 or oligomeric gp140 in MF-59
adjuvant. Here, in contrast, the macaques received Ad5hr-SIVenv,,,¢s and SIVgag,s,
recombinants and were boosted with an ALVAC recombinant or DNA for SIV genes,
together with SIV gp120 proteins in alum. The change in adjuvant might have had the
greatest impact. MF-59 has been shown to induce adaptive immune responses more
strongly than alum (23), which might have influenced the challenge outcome. Never-
theless, a sex bias was again observed, although of a different character. Here, the
vaccinated female macaques exhibited significantly lower acute viral loads, compared
to the female controls, while the same outcome was not seen in the vaccinated males.
Sex differences in susceptibility to viral infections and subsequent pathogenesis have
been reported with regard to viral infections, including HIV; women initially exhibit
lower viral loads than men but eventually progress more quickly to disease (34, 35).
Female subjects also generally respond better to vaccines, developing greater immune
responses (36). Overall, with regard to viral susceptibility and pathogenesis, the sex bias
has been associated with differences in both innate and adaptive immunity, impacted
by sex hormones, X-linked genes, and the microbiome (35, 37). Here, the male and
female control macaques exhibited similar acute viral loads, indicating that the sex bias
observed was not attributable to differences in early pathogenesis. However, we did
not identify distinct immune responses associated with the decreased acute viremia in
the vaccinated females, leading us to further explore effects of the vaccine-induced
microbiome changes.

Because the microbiome helps shape mucosal immune responses (26) and steroid
hormones modulate the microbiome (38), it was an obvious avenue to investigate
concerning the observed sex difference in acute viremia levels. The predominant phyla
identified in the rectal swabs of our rhesus macaques (Fig. 6) were not unexpected.
Bacteroidetes and Firmicutes have been reported to be the two predominant phyla in
the guts of healthy humans (39), and both phyla, along with Proteobacteria, have been
reported as dominant in noncaptive Chinese rhesus macaques (40). Few studies,
however, have investigated microbiome changes over the course of an immunization
regimen. In humans, four studies (three conducted in infants and one conducted in
adults) have examined the influence of the gut microbiome on induced vaccine
responses (41). Actinobacteria and Firmicutes were found to be associated with higher
humoral and cellular vaccine responses, while Proteobacteria and Bacteroidetes were
associated with lower responses. However, intestinal microbiota were also found to
induce a nonneutralizing dominant immune response reactive with HIV gp41, which is
potentially confounding, as it was not associated with vaccine-induced protective
efficacy (42). In rhesus macaques, microbial richness was shown to be reduced follow-
ing vaccination and correlated inversely with the number of intrarectal challenges
needed to achieve SHIV infection (43). Moreover, in that study, bacterial principal-
component analysis component 1 at the genus level correlated inversely with the
number of exposures needed for infection and with CD14* DR~ monocytes and
correlated positively with Tg, cells in mesenteric LNs. Further, in female rhesus ma-
caques, DNA vaccination was shown to differentially impact microbiome profiles at
vaginal and rectal sites and to correlate with induced humoral immune responses (44).
A few studies have examined the microbiome with regard to SHIV transmission or
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effects following SIV infection. Sui et al. (45) reported that lower ratios of Bacteroides to
Prevotella, as well as lower levels of Firmicutes, were associated with the susceptibility
of naive macaques to SHIV infection and also inversely associated with greater immune
activation in the rectal mucosa. Handley et al. (46) reported that successful vaccination
against SIV, resulting in prevention of progression to AIDS, also prevented the emer-
gence of viral and bacterial enteropathogens. Fecal microbial transplantation following
antibiotic treatment of SIV-infected rhesus macaques on antiretroviral therapy resulted
in increased peripheral Th17 and Th22 cells and decreased mucosal CD4* T cell
activation (47). These studies illustrate the potential effects of both vaccination and the
microbiome on immune responses and vaccine efficacy. However, we think that the
results reported here are the first regarding direct effects of vaccination on the rectal
microbiome (Fig. 5 and 6), with associated changes in protective efficacy in male and
female macaques.

Mucosal priming with replication-competent Ad5hr-SIV recombinants had the great-
est impact on changes in the rectal microbiome (Fig. 6). This was not unexpected, as
viral infections are known to induce changes in the composition of the microbiota (29).
In fact, the majority of studies related to viruses and the microbiome have been
conducted in the context of respiratory viral infections (48). The microbiome changes
result from complex interactions arising from viral-induced inflammation and innate
immunity and the interaction of pattern recognition receptors with viral pathogen-
associated molecular patterns (49).

The basis for the difference in viral loads between males and females, the role of the
microbiome, and the impact of the particular bacteria associated with the effect will
require further experimentation. Microbial metabolites modulate host physiology in
multiple ways, impacting metabolic and nutritional homeostasis, energy expenditure,
and immunity (50, 51). Therefore, the specific effects of Proteobacteria in females and
Firmicutes in males (Fig. 10) on viral load are not currently understood. That sex,
however, influences the composition of the gut microbiota is not disputed (38). It may
also be that the microbiome composition of males and females further influences sex
differences in immune responses (52). The correlation of Bacteroidetes with rectal IgA
levels in the vaccinated females (Fig. 11A) is better understood, as the genus Bacte-
roides has been shown to induce greater mucosal IgA production by increasing
activation-induced cytidine deaminase expression in B cells of mice (53). Bacteroides
acidifaciens has also been reported to promote IgA production in the large intestine by
inducing GC formation and increasing the number of IgA™* B cells (54). Why the males
do not respond similarly is not known, however. While our study highlights differential
effects of the microbiome on viremia control and immune responses in males and
females, it points to areas of research still to be explored.

HIV is primarily transmitted across mucosal surfaces. Compared to vaginal or oral
transmission, intrarectal transmission has been shown to have the greatest relative risk,
through unprotected receptive anal intercourse in humans (55) or through direct
inoculation studies in rhesus macaques (56). Thus, our results here describing effects of
the rectal microbiome on vaccine-induced immune responses and viremia control
following intrarectal SIV transmission in male and female macaques are relevant for
future vaccine design and development. However, it is well known that vaginal
microbiota have profound effects on immune responses in females, as well as suscep-
tibility to HIV infection (57). To our knowledge, studies regarding vaccine effects on the
vaginal microbiome with subsequent impacts on protective efficacy against intravag-
inal exposures have not been reported but should be an important area for future
investigation.

Overall, our study confirms that a combined mucosal priming/systemic boosting
vaccination strategy can elicit strong humoral and cellular immunity in both compart-
ments. Further design of such an approach should be valuable for an HIV vaccine, for
which potent immune responses are necessary to prevent infection at rectal/genital
sites of transmission and to control early systemic expansion of virus. Our study
highlights the importance of assessing vaccine strategies in both males and females
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and the need to consider effects of microbiome differences in evaluating vaccine
efficacy, especially as vaccines are tested in different parts of the world with different
endemic microflora.

MATERIALS AND METHODS

Animals and ethics statement. All animal experiments were approved by Institutional Animal Care
and Use Committees (IACUCs) prior to study initiation, including the NCI Animal Care and Use Committee
and the Advanced BioScience Laboratories, Inc. (ABL) Animal Care and Use Committee. Rhesus macaques
were maintained at the NCI Animal Facility (Bethesda, MD) under protocol VB012. Following the
challenge phase of the study, 24 macaques (10 from each vaccinated group and 4 controls evenly
divided between males and females) were housed at ABL (Rockville, MD) under protocol AUP526. Each
of these facilities is accredited by the Association for Assessment and Accreditation of Laboratory Animal
Care (AAALAC) International. The standard practices closely follow recommendations made in the
National Institutes of Health Guide for the Care and Use of Laboratory Animals. Animals were housed in
accordance with the recommendations of the AAALAC Standards and with the recommendations in the
Guide for the Care and Use of Laboratory Animals. Details of animal welfare and steps taken to ameliorate
suffering were in accordance with the Guide for the Care and Use of Laboratory Animals and the
recommendations of the Weatherall report on the use of NHPs in research, as approved by the relevant
IACUGs.

Immunization and challenge regimens. Sixty Indian rhesus macaques (Macaca mulatta) that were 3
to 4 years of age and were negative for SIV, simian retrovirus, and simian T lymphotropic virus were used
in this study. Macaques positive for Mamu-A*01 (n = 6) and Mamu-B*17 (n = 8) haplotypes were divided
evenly among the three immunization groups. As illustrated in Fig. 1, 50 macaques were primed
mucosally at weeks 0 and 12 with replication-competent Ad5hr recombinants (5 X 108 PFU/recombi-
nant/dose/route) separately encoding SIV,,,¢c 9p120-TM and SIV,;4 Gag. Ten controls received empty
Ad5hr vector (1 X 10° PFU/dose/route). Subsequently, at weeks 24 and 36, macaques in the ALVAC/Env
group were boosted intramuscularly with ALVAC-SIV,,,¢c Gag/pro/gp120-TM (108 PFU) in one thigh and
200 pg each of gD-SIV,,,6c gp120 and gD-SIV(¢,, gp120 in alum hydroxide in the opposite thigh. The
gD-gp120 proteins contain the 28-residue N terminus of the herpes simplex virus 1 glycoprotein D.
Macaques in the DNA&Env group were boosted intramuscularly with DNA encoding SIV,,,¢c gp120-TM
(1 mg), SIV,35 Gag (1 mg), and macaque IL-12 (0.2 mg) administered in the inner thigh, followed by
electroporation (Elgen 1000; Inovio Pharmaceuticals, Inc., Plymouth Meeting, PA, USA) and then imme-
diate intramuscular administration of the same gD-SIV gp120 proteins in alum phosphate (58) at the
same anatomical site, as detailed previously (59). Control animals (5 in the ALVAC/Env group and 5 in the
DNA&ENv group) received alum hydroxide or alum phosphate only. At week 42, all macaques were
challenged intrarectally using a low dose of SIV,, .5, (1:500 dilution, 120 times the 50% tissue culture
infective dose [TCID,]), a challenge stock developed by Ronald Desrosiers and provided by Nancy Miller,
Division of AIDS, NIAID. Up to 15 challenges were continued weekly until the onset of infection, as
determined by a plasma viral load of =50 SIV RNA copies/ml assessed by the nucleic acid sequence-
based amplification method (60, 61). Macaques were monitored for at least 40 weeks after infection or
until euthanasia criteria were met. An additional 12 macaques were added to this study later in order to
evaluate additional immune responses in macaques vaccinated with the ALVAC/Env and DNA&Env
vaccine regimens, as described above (6 macaques each). These macaques were not challenged. Five in
each group were Mamu-A*01 positive.

Cellular immunity. CD4" and CD8" T cell responses were assessed in PBMCs and rectal pinch biopsy
samples over the course of immunization and 2 wpi. PBMCs were isolated from EDTA-treated blood by
Ficoll gradient centrifugation and viably frozen. For assay, PBMCs were thawed and stimulated at a final
concentration of 1 ug/ml with SIV Envy,ee Envcg,y (ABL), or Gag,,,.,3o (NIH AIDS Reagent Program)
pooled peptides (15-mers overlapping by 11 amino acids). Controls included a nonstimulated negative
control and a leukocyte activation cocktail (BD Biosciences)-stimulated positive control. Anti-CD28-
phycoerythrin (PE)/Texas Red (clone CD28.2; Beckman Coulter) and anti-CD49d (clone 9F10; eBioscience)
were added during stimulation, along with a protein transport inhibitor (monensin; BD Biosciences). After
6 h of incubation at 37°C in the dark, cells were washed with phosphate-buffered saline (PBS) and surface
stained with the antibodies anti-CD95-PE/Cy5 (clone DX2; eBioscience) and anti-CD8-Qdot 655 (clone
M-T807), both from the NHP Reagent Resource, as well as with a viability dye (Life Technologies).
Following incubation for 20 min at room temperature in the dark, intracellular staining was performed.
Cells were washed twice with PBS, resuspended in 300 ul Cytofix/Cytoperm solution (BD Biosciences),
and incubated for 15 min at 4°C in the dark and then were washed twice with BD Perm/Wash buffer (BD
Biosciences), resuspended in 100 ul BD Perm/Wash buffer, and stained with the antibodies anti-CD3-
Qdot 800 (clone SP34-2; BD Biosciences), anti-CD4-Qdot 605 (clone 19Thy-5D7; NHP Reagent Resource),
anti-tumor necrosis factor alpha (TNF-a)-PE (clone MAb11) and anti-IL-2-allophycocyanin (APC)/Cy7
(clone MQ1-17H12; both from Sony Biotechnologies Inc.), and anti-gamma interferon (IFN-y)-Alexa 700
(clone B27; Life Technologies). Cells were incubated for 25 min at 4°C in the dark, washed twice with BD
Perm/Wash buffer, and resuspended in PBS for data acquisition on an LSR Il flow cytometer (BD
Biosciences). The following consecutive gating strategy was used for flow cytometry analysis: singlets,
lymphocytes, live cells, and then CD3* T cells (a minimum of 50,000 CD3* T cells were recorded). From
the CD3* T cell gate, CD4*and CD8* T cells were gated separately and each population was further
divided into CD28* CD95* central memory (CM) and CD28~ CD95* EM gates or combined (CD28*/—
CD95%) for a TM gate. From those gates, the numbers and percentages of functional surface marker-
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FIG 13 Representative plot illustrating the gating strategy for memory CD8* and CD4* T cell responses in PBMCs. Details are provided in Materials and

Methods.

positive and cytokine-positive cells in each memory cell subset were determined and background values
from nonstimulated samples were subtracted. The sums of cytokine-positive cells (IL-2, TNF-e, and IFN-y)
in the CD4" or CD8" TM populations are reported. The data reported are overestimates, as doubly and
triply cytokine-positive cells were not identified by Boolean analysis (62). Flow cytometric analyses were
performed using FlowJo v9.8.1. A representative flow plot for PBMC T cell responses is shown in Fig. 13.

Rectal biopsy samples were rinsed with prewarmed RPMI 1640 medium (Life Technologies) contain-
ing 2X antibiotic-antimycotic solution, 2 mM L-glutamine (Life Technologies), and 2.5 mg/ml collagenase
(Sigma-Aldrich). The pinch biopsy samples were minced using a scalpel and a 19 gauge needle,
transferred in 10 ml of the same medium to a 50-ml tube, and incubated for 25 min at 37°C, with pulse
vortex-mixing every 5 min. The digested tissue was passed five times through a blunt end cannula, and
the liberated cells and tissue debris were passed through a 40-um cell strainer and washed in R10
medium (RPMI 1640 medium containing 2X antibiotic-antimycotic solution, L-glutamine, and 10% fetal
bovine serum [FBS]) prior to staining. Cells were stimulated with pooled SIV Envcg,,, Envy,ee OF
Gag, .30 Peptides at a final concentration of 1 ug/ml. Control tubes included a nonstimulated control
and a leukocyte activation cocktail (BD Biosciences)-stimulated positive control. Anti-CD28-PE/Texas Red
(clone CD28.2; Beckman Coulter) and anti-CD49d (clone 9F10; eBioscience) were also added during
stimulation, along with a protein transport inhibitor (brefeldin A; BD Biosciences). After 6 h of incubation
at 37°C in the dark, cells were washed with PBS and stained with the antibodies anti-CD95-PE/Cy7 (clone
DX2; BD Biosciences), anti-CD45-brilliant violet 786 (BV786) (clone DO581283; BD Biosciences), and
anti-CD8-PE (clone RPA-T8; BD Biosciences). A viability dye (Life Technologies) was also added to the
antibody cocktail, to exclude dead cells in subsequent flow analyses. Following incubation for 20 min at
room temperature in the dark, intracellular staining was performed. Cells were washed twice with PBS,
resuspended in 300 ul Cytofix/Cytoperm solution (BD Biosciences), and incubated for 15 min at 4°C in the
dark and then were washed twice with BD Perm/Wash buffer (BD Biosciences), resuspended in 100 ul BD
Perm/Wash buffer, and stained with the antibodies anti-CD3-Alexa 700 (clone SP34-2; BD Biosciences),
anti-CD4-peridinin chlorophyll protein (PerCP)/Cy5.5 (clone L200; BD Biosciences), anti-TNF-a-fluorescein
isothiocyanate (FITC) (clone MAb11; BD Biosciences), anti-IFN-y-APC (clone B27; BD Biosciences), and
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FIG 14 Representative plot illustrating the gating strategy for memory CD8* and CD4* T cell responses in rectal tissue. Details are provided in Materials and

Methods.

anti-IL-2-APC/Cy7 (clone MQ1-17H12; Sony Biotechnologies Inc.). Cells were incubated for 25 min at 4°C
in the dark, washed twice with BD Perm/Wash buffer, and resuspended in PBS for data acquisition on an
LSR Il flow cytometer (BD Biosciences). The following consecutive gating strategy was used for flow
cytometry analysis: singlets, lymphocytes, live cells, and then CD45+ CD3™" T cells (a minimum of 50,000
live cells were recorded during data acquisition). From the CD45* CD3* T cell gate, CD4* and CD8*+ T
cells were gated separately and each population was further divided into CD28* CD95* CM and CD28~
CD95+ EM gates or combined (CD28+/~ CD95*) for a TM gate. From those gates, the numbers and
percentages of functional surface marker-positive and cytokine-positive cells in each memory cell subset
were determined and background values (from nonstimulated samples) were subtracted. Flow cytomet-
ric analyses were performed using FlowJo v9.8.1. A representative plot showing the gating strategy is
shown in Fig. 14.

For processing and staining with CM9 dextramer, rectal pinch biopsy samples were incubated twice
at room temperature for 15 min in Hanks’ balanced salt solution with 5 mM EDTA and 2 mM dithiothre-
itol. The supernatants were collected, pooled, and filtered through 100-um cell strainers. Intraepithelial
lymphocytes were collected after centrifugation. The tissues were then subjected to enzyme digestion
with Liberase (Roche) at 37°C for 30 min. After digestion, the tissue chunks were mashed through a
syringe end and filtered through a 100-um cell strainer. Lamina propria cells were collected after
centrifugation. Intraepithelial lymphocytes and lamina propria cells were mixed and washed in RPMI
1640 medium containing antibiotic-antimycotic solution and 10% FBS prior to staining. For staining, the
rectal cells and PBMCs were incubated with CM9 dextramer (ImmuDex, Copenhagen, Denmark) for 15
min before the addition of other antibody mixtures (anti-CD45, anti-CD3, anti-CD4, and anti-CD8 from BD
Biosciences and anti-CD28 and anti-CD95 from BioLegend). After 30 min of staining, cells were washed
and subjected to flow cytometric analyses.

Humoral immunity. Serum antibody binding titers for SIV,,,¢, and SIVs,, gp120 were assessed by
enzyme-linked immunosorbent assay (ELISA), as described previously (63). The antibody titer was defined
as the reciprocal of the serum dilution at which the optical density (OD) at 450 nm of the test serum was
twice that of the negative control serum diluted 1:50.
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Neutralizing antibody titers against SIV, .5, ¢ (tier 1A) and SV, ces0/8r-carvart (tier 1B) were assayed
in TZM-bl cells as described (64). Titers were defined as the serum dilution at which relative luminescence
units were reduced 50%, compared to virus control wells with no test serum.

ADCC was assessed as described previously, using EGFP-CEM-NKr-CCR5-SNAP cells that constitutively
express green fluorescent protein (GFP) as targets (65). Briefly, 1T million target cells were incubated with
50 ug of SIV,.s; 9p120 protein for 2 h at 37°C, washed, and labeled for 30 min at room temperature
with SNAP-Surface-Alexa 647 (product number S9136S; New England Biolabs), as recommended by the
manufacturer. Plasma samples that had been heat inactivated at 56°C for 30 min were serially diluted
10-fold, and 100 ul was added to wells of a 96-well V-bottom plate (Millipore Sigma). A total of 5,000
target cells (50 ul) and 250,000 human PBMCs (50 ul) as effectors were added to each well to yield an
effector/target ratio of 50:1. The plate was incubated at 37°C for 2 h, followed by two PBS washes. The
cells were resuspended in 200 ul of a 2% PBS-paraformaldehyde (PFA) solution, and data were acquired
on a LSR Il flow cytometer equipped with a high-throughput system (BD Biosciences). Specific killing was
measured by loss of GFP from the SNAP-Surface-Alexa 647 * target cells. Target and effector cells cultured
in the presence of naive plasma were used as negative controls. The anti-SIV, .. gp120 monoclonal
antibody KK17 (NIH AIDS reagent program) was used as a positive control. Normalized percent killing was
calculated as follows: (killing in the presence of plasma — background)/(killing in the presence of KK17 —
background) X 100. The ADCC endpoint titer was defined as the reciprocal of the dilution at which the
percent ADCC killing was greater than the mean percent killing of the negative control wells containing
medium and target and effector cells, plus 3 standard deviations.

ADCP was assayed as described previously (66), with minor modifications. SIV,,,.c gp120 was
biotinylated with a Biotin-XX microscale protein labeling kit (Thermo Fisher Scientific, Waltham, MA) and
incubated with a 100-fold dilution of 1 ug yellow-green streptavidin fluorescent beads (Thermo Fisher
Scientific) overnight at 4°C in the dark. A 1:100 dilution of serum from each macaque was added to
400,000 THP-1 cells plated in a U-bottom 96-well plate. The bead-gp120 mixture was further diluted
5-fold in R10 medium, and 50 ul was added to the cells and incubated for 3 h at 37°C. After incubation,
70 ul of 2% PFA was added for fixation. Fluorescent bead uptake by THP-1 cells was assessed on an LSR
Il flow cytometer (BD Biosciences). The phagocytic score of each sample was calculated by multiplying
the percentage of bead-positive cells (frequency) by the degree of phagocytosis measured as mean
fluorescence intensity (MFI) and dividing by 10°. Values were normalized to background values (cells and
beads without serum) by dividing the phagocytic score of the test sample by the phagocytic score of the
background sample. Phagocytic scores postvaccination were obtained by dividing the phagocytic score
of the test sample by the phagocytic score at the prevaccination time point.

Rectal Env-specific IgG and IgA binding antibodies. Rectal secretions were collected using cotton
swabs and stored at —70°C in 1 ml of PBS containing 0.1% bovine serum albumin, 0.01% thimerosal, and
SigmaFAST protease inhibitor cocktail tablets (EDTA free; Sigma), used according to the manufacturer’s
instructions, until analysis. Samples were tested for blood contamination using Chemstrip 5 test strips
(Boehringer Mannheim) prior to assay. To remove fecal contaminants, samples were passed through
5-um polyvinylidene difluoride microcentrifugal filter units (Millipore, Billerica, MA). Briefly, SIV gp120-
specific IgA and IgG antibodies were measured by ELISA as described previously (67, 68). Env-specific IgA
and 1gG standards derived from IgG-depleted pooled serum samples or purified serum IgG, respectively,
obtained from SIV,,,.,s,-infected macaques and quantified as described previously (69) were used to
generate standard curves. Horseradish peroxidase-conjugated goat anti-monkey IgA and IgG (Alpha
Diagnostics) and 3,3',5,5'-tetramethylbenzidine (TMB) substrate were used in sequential steps, followed
by the addition of phosphoric acid prior to reading of the OD,s,. Total IgA and IgG antibodies were
measured in each sample and used to standardize gp120-specific IgA and IgG concentrations. Results are
reported as Env-specific IgA or IgG levels per total IgA or IgG levels (nanograms specific per micrograms
total).

GC T, cells. Inguinal LN biopsy samples were obtained from 9 macaques from each of the
ALVAC/Env and DNA&Env groups and from 2 controls prior to immunization, 14 days following the
second Ad5hr mucosal prime (week 14) and 14 days following the second intramuscular boost (week 38).
Lymphocytes were isolated as described previously (70), by mincing and passing through a 70-um cell
strainer (BD Pharmingen). Cells were pelleted with 30 ml PBS at 550 X g for 7 min, incubated with 5 ml
ammonium-chloride-potassium (ACK) lysing buffer (Lonza Bioscience) on ice for 10 min, and pelleted
once again with PBS. Isolated LN cells were stored frozen in FBS-10% dimethyl sulfoxide solution.
IL-21-producing Tg, cells were detected by an intracellular staining assay as described previously (59).
Briefly, frozen LN cells were thawed and resuspended in R10 medium. Aliquots (1.5 X 10¢ cells/500 ul)
were stimulated with 1 ug/ml SIV,,,¢s or SIVcg,, gp120 peptide pools or with 1X phorbol myristate
acetate (PMA)-ionomycin cell stimulation cocktail (eBioscience) or were unstimulated. The lymphocytes
received a mixture of 2 pg/ml anti-CD49d and anti-CD28 (BD Biosciences), BD GolgiPlug, and BD
GolgiStop, as well as APC-eFluor 780-conjugated anti-CD197 (anti-CCR7) clone 2D12 (eBioscience) at a
concentration recommended by the manufacturer, and were incubated at 37°C for 6 h. Cells were then
washed with fluorescence-activated cell sorting (FACS) buffer and stained for surface markers for 25 min
at room temperature with anti-PD-1-BV605 (EH12.2H7) and anti-CD25-BV785 (BC96) (BioLegend), anti-
CXCRS5-PerCP/eFluor 710 (MU5UBEE; eBioscience), anti-CD95-PE/CF594 (DX2), anti-CD3-Alexa Fluor 700
(SP34-2), and anti-CD4-BV711 (L200) (BD Biosciences), and Aqua Live/Dead viability dye (Invitrogen) for
dead cell exclusion. Cells were washed with FACS buffer, treated with 1 ml of BD Cytofix/Cytoperm
solution for 15 min at room temperature, and washed with BD Perm/Wash solution prepared at 1X
dilution. Cells were then intracellularly stained with anti-IL-21-PE (3A3-N2.1), anti-Ki67-Alexa 647 (B56),
and anti-CD154-PE/Cy5 (TRAP1) (BD Biosciences) and anti-Foxp3-eFluor 660 (236A/E7) (eBioscience) for
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FIG 15 Representative plot illustrating the gating strategy for Env-specific GC T, cells. Details are provided in Materials and
Methods.

25 min at room temperature, washed with FACS buffer, and resuspended in PBS with 1% PFA. Cells were
maintained at 4°C until data acquisition using an 18-parameter LSR Il flow cytometer (BD Biosciences).
A representative plot illustrating the gating strategy is shown in Fig. 15.

Env-specific memory B cells. SIV Env-specific memory B cells in bone marrow and rectal biopsy
samples and PBs and PCs in rectal tissue were assayed by flow cytometry as described previously (31, 63).
Briefly, 1 X 10° to 2 X 106 cells were thawed, washed with R10 medium, and resuspended in PBS with 2%
FBS (FACS buffer) for surface staining, which was carried out at room temperature for 25 min using the
antibodies anti-CD2-Qdot 605 (S5.5), anti-CD14-Qdot 605 (Tu14), anti-CD20-eFluor 650NC (2H7), anti-
HLA-DR-Pacific Blue (Tu36), and anti-CD27-PerCP/eFluor 710 (0323) (all from Thermo Fisher Scientific),
anti-CD21-PE/Cy7 (B-ly4; BD Bioscience), anti-lgG-APC/Cy7 (G18-145; BD Biosciences), Texas Red-labeled
anti-lgD polyclonal antibody (SouthernBiotech), anti-CD19-PE/Cy5 (J3-119; Beckman Coulter), and anti-
CD138-PE (DL-101; BioLegend) (the latter only for rectal B cells). The Aqua Live/Dead viability dye
(Invitrogen) was added during surface staining for dead cell exclusion. Unconjugated anti-CD4 antibodies
(clones OKT4 and 19Thy5D7; NIH NHP Reagent Resource) were added to block reactivity to CD4.
Envelope protein staining followed surface staining, with the addition of biotinylated gp120 proteins
(2 pg/sample) and incubation for 25 min at 4°C. Cells were washed with FACS buffer, incubated for
25 min at 4°C with streptavidin conjugated to allophycocyanin, and washed with FACS buffer. Cells were
incubated with 1 ml of 1X transcription factor Fix/Perm buffer (BD Pharmingen) and washed with 1X
Perm/Wash buffer according to the manufacturer’s specifications. After permeabilization, intracellular
staining was carried out at room temperature for 25 min with the antibodies anti-IRF4-FITC (3E4;
e-Bioscience), anti-Ki67-Alexa 700 (B56), and anti-BCL2-PE (bcl2/100) (both BD Biosciences). Anti-BCL2
was used only for bone marrow B cells. Cells were finally washed with FACS buffer and resuspended in
PBS with 1% PFA, and approximately 500,000 events were recorded on an 18-parameter LSR Il flow
cytometer (BD Biosciences), followed by analysis with FlowJo v10.2. Env-specific memory B cells were
defined as described previously (71), as were PBs and PCs in rectal tissue (72). Representative plots
illustrating the gating strategies are shown in Fig. 16.

Env-specific bone marrow PBs and PCs. Bone marrow lymphocytes were purified as described
previously (63) and frozen until analysis. Lymphocytes were thawed, and both total and Env,,,.s- or
Envcg,-specific IgG and IgA antibody-secreting cells (combined as PBs/PCs) were quantified on un-
stimulated samples by ELISPOT as described previously (73). Env-specific IgA and IgG PBs/PCs were
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standardized to the total number of IgA and IgG PBs/PCs and are reported as the percentage of Env,,«¢
or Envg,-specific PBs/PCs relative to the total number of PBs/PCs.

Rectal and vaginal microbiome analysis. Rectal and vaginal swab samples (4N6 DNA swabs; Nova
Biostorage) were collected over the course of immunization. Following collection, the swab tip was
placed in 600 ul RLT Plus buffer (Qiagen), mixed briefly to release bacteria, and discarded. Vials were
immediately frozen on dry ice and stored at —80°C. DNA was purified using an AllPrep DNA/RNA microkit
(Qiagen) according to the manufacturer’s instructions. Swab samples were thawed and briefly vortex-
mixed, and the RLT Plus lysate was pipetted into a QlAshredder spin column in a 2-ml collection tube and
centrifuged for 2 min at 14,000 rpm. The lysate was again centrifuged for 3 min at 14,000 rpm, and the
supernatant was transferred to an AllPrep DNA spin column in a 1.5-ml collection tube. Following
centrifugation for 30 s at 10,000 rpm, the spin column was placed in a new 2-ml tube, 500 ul buffer AW1
was added, and the tube was centrifuged for 15 s at 10,000 rpm to wash the spin column membrane. The
flow-through fraction was discarded, 500 ul buffer AW2 was added, and the tube was centrifuged for
2 min at 14,000 rpm to wash the membrane. The spin column was transferred to a new 1.5-ml collection
tube, 50 ul buffer EB preheated to 70°C was added, the mixture was incubated for 2 to 3 min at room
temperature, and the tube was centrifuged for 1 min at 10,000 rpm to elute the DNA. This step was
repeated to elute additional DNA. The DNA concentration was measured using a NanoDrop spectro-
photometer, and the samples were stored at —20°C prior to sequencing.

16S rRNA gene sequencing and analysis. Paired-end, overlapping reads of the V4 region of the 16S
rRNA gene (primers 515F and 806R) were generated for 306 rectal swab samples and 128 vaginal swab
samples on an lllumina MiSeq platform (74). The demultiplexed paired-end fastq files were preprocessed
and analyzed using QIIME2 v2-2018.2 (https://qiime2.org). The DADA2 algorithm (75), implemented in
QIIME2, was used for error modeling and filtering of the raw fastq files. Following denoising, chimera
removal, and rarefaction, a total of 9.27 million sequences were retained for 309 samples, with an average
of 30,000 sequences per sample. Taxonomic classification was performed using the QIIME2 feature
classifier (https://github.com/qiime2/q2-feature-classifier) plugin trained on the Silva database (release
132) (76). The alpha and beta diversity analyses were performed using the diversity plugin (https://
github.com/qiime2/q2-diversity) at a sampling depth of 28,892X. Beta diversity using PCoA (77) was
performed based on the Bray-Curtis distances, and permutational multivariate analysis of variance
(PERMANOVA) was used to analyze statistical differences in beta diversity with QIIME2. The Benjamini-
Hochberg false discovery rate correction was applied to all pairwise P values.

Statistical analysis. Wilcoxon-Mann-Whitney and Wilcoxon signed rank tests were used for com-
parisons between groups and between times within groups. Logarithmic transformation of titers and
arcsine transformation of percentage data were applied before analysis to reduce skewness in the raw
data. Differences in viral acquisition during repeated challenge studies were assessed using the exact log
rank test. Correlation coefficients and significance levels were estimated by the Spearman rank method,
with Jonckheere-Terpstra test results reported for trends over discrete data distributions. Results are not
corrected for multiple comparisons and are intended to provide individual assessments of null hypoth-
eses, generally in an exploratory mode over microbiome taxa or in consistent, correlated combinations
over times or between immunization groups. Analyses were performed using Prism (GraphPad Software,
Inc.) and SAS/STAT software v9.4 (SAS Institute Inc.). All 16S rRNA gene sequencing data analysis was
performed using QIIME2 v2-2018.2 (https://qiime2.org).

Data availability. The microbiome data have been deposited in the NCBI Sequence Read Archive
(SRA) under BioProject PRINA595360.
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