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Abstract

The rising global HIV-1 burden urgently requires vaccines capable of providing heterologous
protection. Here, we developed a clade C HIV-1 vaccine consisting of priming with modified
vaccinia Ankara (MVA) and boosting with cyclically permuted trimeric gp120 (CycP-gp120)
protein, delivered either orally using a needle-free injector or through parenteral injection.

We tested protective efficacy of the vaccine against intrarectal challenges with a pathogenic
heterologous clade C SHIV infection in rhesus macaques. Both routes of vaccination induced

a strong envelope-specific 1gG in serum and rectal secretions directed against V1V2 scaffolds
from a global panel of viruses with polyfunctional activities. Envelope-specific 1gG showed lower
fucosylation compared to total 1gG at baseline, and most of the vaccine-induced proliferating
blood CD4* T cells did not express CCR5 and a4f37, markers associated with HIV target

cells. Following SHIV challenge, both routes of vaccination conferred significant and equivalent
protection, with 40% of animals remaining uninfected at the end of six weekly repeated challenges
with an estimated efficacy of 68% per exposure. Induction of envelope-specific IgG correlated
positively with G1FB glycosylation, and G2S2F glycosylation correlated negatively with
protection. Vaccine-induced TNFa*IFNy* CD8* T cells and TNFa ™ CD4* T cells expressing
low levels of CCR5 in the rectum at pre-challenge were associated with decreased risk of

SHIV acquisition. These results demonstrate that the clade C MVVA/CycP-gp120 vaccine provides
heterologous protection against a tier2 SHIV rectal challenge by inducing a polyfunctional
antibody response with distinct Fc glycosylation profile, as well as cytotoxic CD8 T cell response
and CCR5 negative T helper response in the rectum.

One sentence summary

The glycosylation profile of IgG and HIV resistant T helper response induced by vaccination
contribute to HIV vaccine protection

Introduction

Currently there are nearly 38 million people infected with HIV-1 and there is a great need
for the development of effective vaccines to prevent HIV-1 infection. Broadly neutralizing
antibodies (bnAbs) are essential for the prevention of HIV-1 infection. However, given the
very high inter and intra clade diversity of HIV-1, the vaccines should generate a broadly
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cross-reactive neutralizing antibody response which has been a far-reaching goal. Immune
correlate analyses from the RV144 clinical trial, the only HIV-1 vaccine efficacy trial to date
to show some efficacy to date, identified that IgG antibodies against Murine Leukemia
Virus gp70 scaffolded V1V2 (gp70-V1V2) region of HIV-1 envelope (Env) correlated

with reduced infection risk (1-4). In addition, multiple vaccine efficacy studies in non-
human primates (NHPs) have highlighted the importance of gp70-V1V2 specific antibodies
and “polyfunctional” non-neutralizing antibodies (non-nAbs) with effector functions in
mediating protective immunity (5, 6).

The Fc mediated functional activity of an antibody is critically regulated by its ability to
bind to Fc receptors on different effector cells. Accordingly, the 1gG subclass of the antibody
regulates various effector functions, and the 1gG subclass of vaccine-induced antibody
response can be influenced by the vaccination modality (7). For example, the ALVAC prime/
gp120 protein boost approach used in the RV144 trial has been shown to induce greater
1gG3 response compared to gp120-only immunizations used in the VaxGen trial, and the
lack of efficacy in the latter was partly attributed to lower induction of 1gG3 responses

(8). In addition to 1gG subclass, the effector functions of the antibody are shaped by the
glycan composition of the antibody in its Fc region (9, 10). Studies have demonstrated

that variations in Fc glycosylation of HIV Env-specific antibodies are associated with

time to viral rebound following analytical treatment interruption (11), and can differentiate
neutralizers from non-neutralizers (12), spontaneous control of viral replication in HIV
controllers, and improve antiviral activity (10). In addition to the antibody response, strong
induction of virus-specific CD8* T cells, in particular tissue-resident memory CD8* T

cells, have been shown to contribute for better protection (13), while strong induction of
Th1-biased CD4* T cells has been shown to contribute towards diminished protection (14).
Thus, the effectiveness of an HIV-1 vaccine depends on its ability to elicit multidimensional
balanced immune responses.

Mucosal tissues are the major ports for viral entry in HIV-1 infection and the gut serves

as a major site for HIV/SIV viral replication (15). Hence, an effective vaccine should

be able to deliver protective control of infection at mucosal sites by establishing resident
memory T cells and functional antibody responses at these sites. In general, mucosal
vaccinations induce much stronger mucosal immunity compared to parenteral vaccinations.
Several studies (reviewed in (16)) have shown the leverage of mucosal immunization over
parenteral vaccination to reduce viremia in mucosal simian-human immunodeficiency virus
(SHIV) challenge NHP models. For example, intrarectal but not parenteral vaccination with
peptides specific to HIV-1 Env helper epitope and SIV gag or pol CTL epitope reduced
viremia after intrarectal challenge with a pathogenic SHIV (17). Similarly, intranasal but not
intravenous administration of non-pathogenic SHIV infection generated protection against
intravaginal SHIV-89.6P challenge (18). Thus, mucosal vaccination approaches have the
ability to provide significant protection against HIV-1.

Heterologous prime/boost vaccination regimens are popular due to their ability to induce
a strong and broad humoral and cellular immunity. Towards this, we developed a HIV-1
vaccination regimen consisting of priming with modified vaccinia Ankara (MVA) and
boosting with a cyclically permuted trimeric gp120 protein (MVA/CycP-gp120). The
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MVA-HIV platform has been extensively characterized and tested in clinical studies as
potential vaccine candidate for HIV-1 (19-21). We previously described the design of
cyclically permuted (CycP) derivative of clade B gp120s which efficiently formed stable
homogeneous trimers, displayed enhanced binding to multiple bnAbs compared to their
gp120 counterparts and elicited broadly cross-reactive V1V2 scaffold specific antibodies

in rabbits and in rhesus macaques (22—24). In a recent pilot study, we compared the
immunogenicity and efficacy of MVVA/CycP-gp120 clade B vaccine approach delivered via
either oral route using needle-free (NF) injector or topical application or parenteral route
(intradermal for MVA and subcutaneous for protein - ID/SC) (25). The protein boosts were
adjuvanted with double-mutant heat-labile enterotoxin LT (R192G/L211A) from Escherichia
coli (dmLT) (26, 27) as a mucosal adjuvant. Oral immunization resulted in induction of
stronger Env-specific antibody responses in both systemic and mucosal compartments and
higher vaginal IgA which was otherwise below the detection limit in the systemic route.
Both oral (NF-Oral) and parenteral (intradermal/subcutaneous ID/SC) immunization routes
significantly delayed acquisition of mucosal SHIV infection compared to the unvaccinated
controls and highlighted the potential of this vaccination regimen to provide protection
against HIV-1.

In our NF-Oral study we used a significantly higher dose of dmLT adjuvant for oral
immunization (50pg/dose) compared to ID/SC immunization (2ug/dose). In addition, we
used the needle-free injector device Syrijet that was developed for use by dentists and not
ideal for human immunizations. The current study was designed using a fixed (5ug) amount
of adjuvant for both oral and parenteral immunization routes to evaluate whether (a) the
protective efficacy of MVA/CycP-gp120 design could be generalized and extended to clade
C immunogens in order to offer protection against clade C HIV-1 infections, that represent
the majority in the world, (b) a lower dose of dmLT adjuvant administered orally can induce
protective immunity in systemic and mucosal compartments, (c) Pharmalet, a needle-free
immunization device that was developed for parenteral immunizations, can be used for

oral immunizations, and (d) to identify immune correlates of protection for both routes of
immunization. Our results demonstrated that both routes of immunization induce strong and
comparable titers of Env-specific antibody response in serum and mucosal secretions with
polyfunctional activity and provide significant protection from infection and control virus
replication. We also demonstrate that vaccination routes differentially influence proliferation
of Th17 (CXCR3~CCR6") polarized CD4* T cells. In addition, we showed that the Fc
glycosylation profile of vaccine-induced antibody response is distinct from that of baseline
total 1gG and revealed important associations between Fc glycosylation, antibody effector
function and vaccine mediated protection.

Conc-C CycP gp120 efficiently forms trimers and presents a “native-like” epitope
recognized by V2 directed bnAbs

Here, we designed clade C based consensus C (Conc-C), C.1086 and 16055 versions of
CycP proteins (Fig. 1A and fig. S1A) and compared their biophysical properties. Briefly,
the native N and C termini of gp120 protein were connected by a 20 amino acid linker
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and a new N and C termini were created at positions 145 and 144 in the V1 loop region.
The length of V1 loop was shorter in C.1086 compared to 16055 and Conc-C, so we
matched the length in the former sequences by inserting additional amino acids from the
16055 sequence (as shown in fig. S1, A and B). The coiled-coil trimerization domain of

the human cartilage matrix protein (hCMP) was inserted in-frame at position 145 of gp120
to increase trimerization of the protein. The proteins were expressed in 293F cells, and
purified using Galanthus nivalis lectin (GNL) mediated affinity chromatography followed
by isolation of trimers by size-exclusion chromatography (SEC) with high protein yield
(mean 18mg/L, fig. S1C). The yield was ~6 times higher than the net trimeric yield that was
obtained expressing Clade C gp140 stabilized trimers (C.1086 UFO-v2-RQY173 (28) and
16055 NFL (29)). Based on the SEC profiles (Fig. 1B), all three CycP gp120 derivatives
efficiently formed trimers (74-81%), which was ~30% higher than their gp120 parents. All
CycP gp120 derivatives formed stable trimers, in contrast to their gp120 parents which were
unstable and dissociated into trimers, monomers and dimers on native gel (Fig. 1C). The
negative stain electron microscopy (EM) analyses supported the presence of trimeric forms
of the protein (Fig. 1D), as also implied by SEC traces and BN-PAGE (Fig. 1, B and C).

To select between the CycP-gp120 trimer variants, we compared their antigenic properties
by Bio-Layer Interferometry (BLI) using multiple Env-specific bnAbs and non-nAbs.
Specifically, we tested bnAbs (V1V2 trimer specific PGT145, PG9, PG16, CD4 binding
site (bs) specific HJ16, V3 glycan specific PGT121), and non-nAbs (CD4bs F105, V3
specific 447-52D, 39F). It should be noted that none of the constructs bore any additional
changes to enhance binding to bnAbs or reduce affinity towards non-nAbs. All variants

had N156 and N160 potential N-glycosylation sites (PNGS), critical for binding of many
V2 specific bnAbs (30). Conc-C and 16055 CycPs showed high binding affinity towards
PGT145, in contrast to C.1086 CycP trimer and the parent gp120s (Fig. 1, E and F, fig

S2A, table S1) which either displayed very weak or no measurable binding. This suggested
that insertion of the trimerization domain in the V1 region of Conc-C and 16055 CycPs

did not significantly affect the native-like quaternary contacts seen by PGT145 at the V1V2
region. The parent gp120s tested here displayed weak binding to V2 specific PG9 bnAb in
contrast to their CycP variants which displayed no measurable binding (fig. S2A) indicating
modifications in the CycP designs likely affected the display of this targeted epitope. None
of the constructs displayed any measurable binding to PG16. The Conc-C constructs carried
PGT121 family dependent N332 PNGS, while C.1086 carried N334 PNGS (31). Amongst
the CycP trimers tested, only Conc-C CycP displayed high binding affinity towards V3
glycan specific PGT121 (Kp 1.3nM, Fig. 1, E and F, table S1). Reduced binding of the
C.1086 CycP construct (fig. S2A) towards PGT121 compared to its parent gp120 suggested
loss of display of V3 targeted epitope on C.1086 CycP due to insertion of hCMP in the

V2 region. The 16055 sequence lacked N332 and N334 PNGS and thus showed either
weak or no observable binding to PGT121 (Fig. 1E and fig. S2A). The three CycP proteins
displayed either similar or higher affinity towards CD4bs bnAb HJ16 than their parent
gp120s; Conc-C CycP specifically with undetectable dissociation. All constructs showed
high binding affinity towards V3 specific 447-52D, 39F non-nAbs (fig. S2B, table S1).
Additionally, we observed higher binding of CycP designs to F105 non-nAb relative to their
parent gp120s, likely due to conformational rearrangements to accommodate the insertion
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of hCMP trimerization domain at the V1V2 region (Fig. 1E, fig. S2B, table S1). Overall,
the SEC, EM and antigenicity data confirmed that Conc-C CycP gp120 efficiently folded
into trimers, and a sub-population of the trimer was capable of presenting “native-like”
quaternary epitope targeted by the antibodies tested. Thus, we selected Conc-C CycP gp120
trimer as the protein component of the vaccine regimen.

Clade C MVA/CycP-gp120 vaccination induces a strong antibody response in serum and
rectal secretions, as well as broad Env and gp70-V1V2 scaffold specific serum responses

To evaluate the immunogenicity and efficacy of Conc-C CycP protein as an HIV-1 vaccine
candidate and to compare the parenteral immunizations (ID/SC, n=10) with oral NF delivery
(NF-Oral, n=10) we conducted a rhesus macaque study in which we primed animals with the
MVA/C.1086-VLP vaccine (1x108 pfu/dose) at weeks 0 and 10, then boosted with Conc-C
CycP (100ug/dose) at week 22 (Fig. 2A). The MVA vaccine was engineered to express
C.1086 Env gp150 and SIVmac239 Gag/Pol (fig. S2C), which forms virus-like particles
(VLPs). The ID/SC group received MVA via ID route and protein via SC route. The
NF-Oral group received both vaccines in the mouth with the total dose split between buccal
and sublingual sites. The protein immunizations were adjuvanted with dmLT (5ug/dose) to
promote the generation of mucosal antibody responses. A group of unvaccinated animals
(n=10) served as the unvaccinated control group. All animals were challenged weekly
intrarectally with SHIV1157ipD3N4 beginning at week 38 for a maximum of 6 challenges
(two exposures more than the number required to infect 100% of the unvaccinated controls)
or until measured for two consecutive positive viral loads (RNA copies/ml >60).

The MVA prime/protein boost vaccination induced a strong 1gG binding antibody response
in serum that was comparable between the two groups except after the 15t MVA vaccination
at which the ID/SC group showed higher levels than the NF-Oral group (Fig. 2B). The

15t MVA vaccination induced low titers of binding antibodies (geometric mean of 1,301 in
ID/SC and 418 in NF-Oral) but the 2"d MVA immunization boosted these titers by 10-fold
in the ID/SC group and 33-fold in the NF-Oral group leading to a similar geometric mean
titer of about 13,485 in both groups (geometric mean end-point titer of 13,066 in ID/SC,
and 13,916 in NF-Oral). These responses contracted by ~10-fold over 10 weeks. The protein
immunization boosted these responses strongly in both groups to a titer of about 26,345
(geometric mean considering both groups) which contracted by ~6-fold over 10 weeks by
the time of challenge. It was interesting to note that the persistence of antibody response
after the 2"d MVA (10-fold contraction) was lower than the persistence observed after the
protein boost (5-fold contraction) within the same time frame after vaccination. Binding
antibody responses measured against Conc-C CycP gp120 trimer in serum were similar to
those observed against C.1086 trimer for both immunization groups (fig. S3A).

The MVA prime/protein boost vaccination also induced a strong C.1086 trimer specific

IgG binding antibody response in rectal secretions (Fig. 2C) but a lower response in saliva
(Fig. 2D). The responses were comparable between the two groups (Fig. 2, C and D). The
expansion and contraction of the mucosal antibody response largely mirrored the serum with
peak antibody titers reaching about 4.4 and 2.9 ng/ug of the total 1gG (geomean) after the
protein boost in rectal and salivary secretions, respectively. These responses subsequently
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declined by ~7 and 12-fold in rectal and salivary secretions respectively by the pre-challenge
time point. Similar levels of 1gG binding antibodies were also observed against the Conc-C
CycP gp120 trimer in these mucosal secretions (fig. S3B). Neither immunization routes
induced detectable levels of antigen specific IgA in secretions (fig. S3C).

Ig subclass analysis of sera from immunized animals revealed that IgG1 was the dominant
subclass with low titers of 1gG2 and 1gG3 antibodies (Fig. 2E). There was no difference

in the induction of any specific 1gG subclass between the two immunization regimens. All
1gG subclasses and IgA exhibited broad reactivity to env proteins from multiple clades

(Fig. 2F and fig. S3D). Immune correlates in the RV144 clinical trial and multiple SIV

and SHIV challenge studies in rhesus macaques have shown a positive association between
V1V2-scaffold specific antibodies and reduced risk of infection (2, 5, 32-34), signifying
the ability to generate broad V1V2 responses could be an important property of an HIV-1
vaccine candidate. We measured binding of serum IgG from 2 weeks post protein boost

to gp70-V1V2 scaffold proteins from 16 HIV-1 strains spanning diverse clades by Binding
Antibody Multiplex Assay (BAMA) (4), in addition to monitoring this against the challenge
virus specific gp70-V1V2 by ELISA. Both routes of immunization induced a strong and
broad V1V2-specific response (Fig. 2G). The response to the immunogen (C.1086) V1V2
sequence was comparable between the groups (Fig. 2H right, G) but was marginally higher
against the challenge virus V1V2 (2.5 to 4-fold) in the ID/SC group relative to NF-Oral
group (Fig. 2H left). Similarly, the ID/SC group displayed significantly higher gp70-V1V2
recognition breadth than the NF-Oral group (p<0.0001, Fig. 21). Immunization via the

oral route elicited considerably higher undesirable serum antibodies against the V3 peptide
(Fig. 2J) compared to ID/SC. Serum from both immunization regimens showed comparable
recognition of membrane anchored full-length env from the challenge virus strain (Fig. 2K).

In summary, the clade C MVA/CycP gp120 protein vaccination delivered via either ID/SC
or NF-Oral route induced a strong 1gG and IgG1 dominant binding antibody response in
rectal secretions and serum. The serum antibodies had broad specificity and potential to bind
gp70-V1V2 scaffolds from diverse HIV-1 clades and heterologous tier2 challenge virus env
presented on SHIV-transfected cells.

MVA/CycP-gp120 vaccination elicits antibodies with multiple functional activities

We next quantified the ability of serum antibodies to carry out anti-viral functions using a
series of functional assays, including neutralization, antibody-dependent cell-mediated virus
inhibition (ADCV1), antibody-dependent cellular cytotoxicity (ADCC), antibody-dependent
cellular phagocytosis (ADCP, monocyte mediated) and antibody-dependent neutrophil
phagocytosis (ADNP). We evaluated the neutralizing antibody responses in serum against
pseudoviruses expressing homologous C.1086 and heterologous 1157ipD3N4.G13.10 envs
using the TZM-bl assay (35). Following a single protein boost, both immunization groups
had low levels of neutralization titers against heterologous 1157ipD3N4 env G13.10 (mean
IDgq 40) and no detectable titer (ID5g <20) against the homologous C.1086 pseudoviruses
(Fig. 3A, table S2). The ADCVI and ADCC effector functions were measured against the
challenge virus using SHIV1157ipD3N4 infected CEM-NK" cells. The ADCVI and ADCC
activities were moderate for both immunization groups with geometric mean scores of 19

Sci Immunol. Author manuscript; available in PMC 2022 August 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sahoo et al.

Page 8

and 11, respectively (Fig. 3A). In addition, we measured ADCP and ADNP activities of
the serum by monitoring the uptake of C.1086 trimer coated fluorescently labelled beads
(pre-incubated with serum) by monocytes (ADCP) and neutrophils (ADNP) (36, 37). The
serum from both the immunization groups exhibited moderate ADCP (mean 17), and low
ADNP (mean 4) scores. None of the measured functional activities were preferentially
enhanced by either ID/SC or NF-Oral immunization routes.

To further understand the properties of the serum collected after vaccination, we investigated
associations between different functional activities, functions and binding specificities of
the serum (Fig. 3B). The neutralizing activity measured against 1157ipD3N4.G13.10 env
pseudotyped virus showed a direct association with ADCC activity measured against
SHIV1157ipD3N4-infected cells (r=0.6, p=0.004) and ADNP activity measured using
C.1086 trimer coated beads (r=0.6, p=0.002) (Fig. 3B) suggesting an overlap in antibody
specificities targeting these activities. We further probed whether we could associate any
Env-specific binding activities with the functional activities. Binding antibodies specific for
the C.1086 trimer (r=0.6, p=0.005) and 1157ipD3N4 gp160 (r=0.7, p=0.001) showed strong
direct association with neutralizing activity. Additionally, antibodies specific to gp70 V1V2-
scaffold showed strong direct association with neutralization (r=0.6, p=0.006), ADCVI
(r=0.6, p=0.011) and ADNP (r=0.6, p=0.004) functions (Fig. 3B). This observation was
consistent with data from previous studies showing the ability of V1V2-scaffold specific
antibodies to be functionally active (38). The env recognition breadth of IgG1 also showed
a direct association with ADCVI activity (r=0.6, p=0.007, Fig. 3B). In summary, these data
showed that both routes of vaccination induced antibodies with polyfunctional activities

and there was a strong association between gp160 or V1V1 scaffold binding activity and
multiple functions of the antibody response.

Vaccine induced antibody Fc glycoforms show a distinct glycosylation pattern compared
to baseline IgG with reduced fucosylation and bisecting GICNAc.

The glycosylation profile of IgG Fc region has been reported to modulate various

immune responses and play an important role in defining immune pathology in multiple
diseases including influenza, HIV-1, tuberculosis, and SARS-CoV-2 (39-41). The route of
vaccination has been shown to influence the Fc glycan composition and effect different
functional activities (42). We therefore probed whether there was any variability in the

Fc glycosylation profile between the ID/SC and NF-Oral immunization groups, and their
relationships with different effector activities and antibody sub-classes. The Fc glycosylation
profile of Env-specific IgGs elicited in the study after the final immunization was composed
of 50% agalactosylated (G0), 10% mono-galactosylated (G1) and 31% di-galactosylated
(G2) representing the agalactosylated form being the dominant fraction (Fig. 3, C and E,
fig. S4C). In addition, 34% of the Env-specific IgG was fucosylated (F), 17% was sialylated
(S) and the bisecting GIcNAc (B) represented a small proportion of 6% (Fig. 3C and fig.
S4C). The majority of agalactosylated form of the antibody was neither fucosylated nor
with bisecting GIcNAc (Fig. 3D and fig. S4C), in contrast the majority of digalactosylated
fraction was fucosylated and/or sialylated with G2F (9.6%), G2S2F (6.8%) and G2S2
(4.5%) (Fig. 3E and fig. SAC). The distribution profile of glycoforms amongst the two
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immunization groups was comparable demonstrating that the route of vaccination did not
influence the glycosylation pattern of vaccine-induced 1gG response (Fig. 3C and fig. S4D).

The Fc glycosylation pattern of Env-specific IgG was markedly distinct from that of total
IgG prior to vaccination (baseline, figs. S4A-C and Fig. 3E). The major difference was

for fucosylation and bisecting GIcNAc (Fig. 3C). The majority (98%) of baseline 1gG was
fucosylated as opposed to only 34% of the Env-specific 1gG. Similarly, 43% of baseline 19G
was bisecting GIcNAc as opposed to only 6% of the Env-specific 1gG. The difference for
fucosylation and bisecting GIcCNAc was most striking for the GO fraction (fig. S4C). While
the total Env-specific GO fraction was comparable between the two groups (Fig. 3C), the
majority of GO fraction of baseline 1gG was fucosylated (99%) and 60% was with bisecting
GIcNAc (Fig. 3D and fig. SAC). However, the majority of GO fraction of Env-specific 1gG
was without fucosylation and bisecting GIcNAc (Fig. 3D and fig. S4C). Lack of fucosylation
of human IgG has been shown to improve binding to FcyRIlla and ADCC activity of the
Ab (43-45). In addition to these differences in the GO fraction, the total G1 fraction was
significantly lower and G2 fraction was marginally higher for Env-specific IgG compared to
baseline 1gG (Fig. 3C).

To understand if the Fc glycans could influence the functional activities elicited in the
study, we observed ADCVI activity to inversely associate with G2S2F fraction (Fig.

3F, r=—-0.6, p=0.03); which agreed with previoiusly reported negative influence of di-
galactosylated, fucosylated, sialylated glycoforms in regulating effector functions of HIV-1
specific antibodies (10). Bisecting GICNAc has been reported to inhibit the addition of
fucose to the Fc glycan branch, thereby indirectly improving effector functions (40). In this
context, we observed the ADNP activity to directly associate with total bisecting GIcNAc
glycoform fraction (Fig. 3F, r=0.7, p=0.005). The presence of correlative relationships
between glycoforms and functional activities, regardless of the antigen specificity of

the assays suggested notable contribution of the glycoform for the functions monitored.
Network analysis of the significant correlates (spearman’s | r| > 0.7, p < 0.05) between the
functions, 1gG subtypes and Fc glycoforms displayed association of Env-specific recognition
breadth of 1gG3 with enhanced ADCVI function, which were associated with reduced
G2S2F and di-sialylated Fc glycoforms (fig. SAE, considering NF-Oral group).

In summary, the data showed that MVVA/CycP-gp120 vaccine induced env specific antibody
with a distinct Fc glycosylation pattern compared to antibody prior to vaccination and
specific glycosylation patterns were associated with enhanced effector functions.

Vaccine-induced proliferating CD4* T cells in blood show lower expression of CCR5, a4p7
and CCR6, and higher expression of CXCR3

To determine the nature of CD4* T cells induced by MVA/Cyc-gp120 vaccination with
respect to expression of markers associated with HIV target cells we characterized the
phenotype of proliferating (Ki-67*) CD4* T cells in the blood for expression of chemokine
receptors a4p7 and CCR5 (46, 47) (Fig. 4, A and B). We sampled blood at baseline (pre
vaccination bleed), peak and memory time points after each immunization (Fig. 4A). About
2-5% (mean 3.4%) of CD4* T cells were Ki-67* prior to immunization and these cells
expanded by an average 2.4-fold (4-14%, mean 8%) at day 7 after the second MVA boost,
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which further increased by 1.3-fold (6-18%, mean 11%) at day 14 after the protein boost
and returned to baseline at week 34 of the study. We characterized the co-expression of
a4p7 and CCR5 at the peak effector phase (week 24) since T cells are expected to circulate
through blood before they migrate to different tissues at this time point. In our previous
study we showed that the frequency of IFNy+ CD4 T cells at the peak effector phase in
blood predict IFNy+ CD4 T cells in the mucosa several months after vaccination (14). At
their peak proliferative phase (week 24), vaccine-induced proliferating cells showed lower
frequencies of a4p7*CCR5* (net 2-fold reduction, p 0.0015 ID/SC, 0.004 NF-Oral), or
a4p7*CCR5™ (p <0.0001 ID/SC, 0.015 NF-Oral) cells relative to unvaccinated animals (Fig.
4B). This resulted in 1.3-fold (mean) increase in the fraction of Ki-67* CD4* T cells that
lacked a4p7"CCR5™ expression in vaccinated arms (Fig. 4B, p <0.0001 ID/SC, <0.001
NF-Oral) relative to unvaccinated animals. These data demonstrated that the majority of
vaccine induced CD4* T cells fail to express HIV infection susceptible a4B7 or/and CCR5
receptors in circulation.

We next investigated if the route of vaccination influenced the T helper polarization by
studying co-expression of CXCR3 (Th1), CCR6 (Th17) and CXCR5 (Tfh) chemokine
receptors using the Boolean function of Flowjo (Fig. 4C). This analysis revealed that the
major fraction of proliferating CD4* T cells in circulation following protein vaccination was
Th1 polarized (CXCR3*CCR6™CXCR57). Nearly 27% (mean) of circulating Ki-67*CD4* T
cells were CXCR3 single positive at baseline in animals prior to vaccination. At the peak
effector phase after vaccination, this fraction was boosted by 1.6-fold (mean) in both groups.
In contrast, the proportion of Th17 polarized (CXCR3™CCR6*CXCR5") cells decreased by
2.2 and 1.4-fold in ID/SC and NF-Oral groups respectively, relative to the baseline fraction
measured for unvaccinated controls (mean 18%). Similarly, fraction of cells co-expressing
CXCRS5 and CCR6 (cTfh17) decreased in the vaccinated groups (mean 2.2-fold). Oral
immunization induced higher fraction of Th17 polarized cells than parenteral immunization
(p=0.0002). The results demonstrated that vaccination predominantly induced Th1 polarized
circulating CD4* T cells and oral immunization induced more Th17 cells compared to
parenteral vaccination.

Circulating PD-1* CXCR5" CXCR3* memory Tth cells have been shown to correlate with
induction of neutralizing antibody responses in HIV (48) and HCV infected patients (49).
Similarly, blood ICOS* CXCR5" CXCR3* CD4* T cells have been shown to correlate
with the development of antibody responses upon seasonal influenza vaccination in humans
(50) and generation of high avidity antibody with longer persistence following protein
vaccination in rhesus macaques (51). Interestingly, the MVVA/CycP-gp120 vaccine-induced
circulating Tfh or cTfh (CXCR5*PD-1%) correlated positively with antibody effector
functions (neutralization and ADCP scores) and Env-specific binding antibody responses
(figs. S5, A and B). Similar correlations were also observed with CXCR3* cTths (fig. S5B).
These data suggested that MVA-HIV/CycP-gp120 vaccination induced cTfh contributed
significantly for the enhanced function of the antibody response.
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Protein boost in the presence of dmLT induced TNFa producing CD4* T cells in blood and

rectum

We next examined SHIV specific CD4* and CD8" T cell responses in blood and in the
rectal mucosa after immunization by stimulating cells with 15-mer overlapping peptide
pools (overlapping by 11aa) specific to SIVmac239 Gag and C.1086 env sequences, and
measuring the expression of IFNy and TNFa by flow cytometry (Fig. 4D and figs. S5,

C and D). Immunizations resulted in modest non-uniform production of SHIV-specific
IFN+y in CD4* T cells in blood, with peak responses measured one week after the second
MVA (week 11) and similar responses across both immunization arms (fig. S5D). The
IFNy responses were not further boosted after the protein immunization, despite increase in
proliferating circulating Thl polarized CD4+ T cells after protein boost (fig. S5D, Fig. 4C).
We did not observe any increase in SHIV-specific IFNy* CD4* T cells in the rectal mucosa
during the study. However, SHIV-specific TNFa producing CD4* T cells in blood expanded
to mean of 0.1% (range 0.03-0.6% ID/SC, 0.03-0.14% NF-Oral, fig. S5D) after the protein
boost. Similarly, TNFa+ CD4 T cells also expanded in the rectal tissue of vaccinated
animals (0.6% mean, 0.3—-1.6%) at 2 weeks following protein boost (fig. S5D). At pre
challenge, mucosal consensus C SHIV specific TNFa producing CD4+ T cell responses
were higher in the vaccine groups relative to unvaccinated animals (Fig. 4D) and were
similar between the two immunization groups.

Unlike CD4* responses, SHIV-specific CD8* T cell responses were overall low and were
not higher than pre-vaccination background levels in blood (fig. S5D). At pre-challenge,
vaccinated animals showed higher frequencies of IFNy* and TNFa* CD8 T cell responses
in rectum relative to unvaccinated animals, with no difference in responses between the
two immunization groups (Fig. 4D). In summary, protein boosting in the presence of dmLT
as adjuvant primarily induced SHIV-specific TNFa producing CD4* and CD8* T cell
responses in the rectum at pre challenge.

MVA-HIV/cycP-gp120 vaccination protects rhesus macaques from mucosal SHIV challenge
and controls viral replication irrespective of the immunization route

To evaluate the efficacy of the clade C based MVA-HIV/cycP-gp120 vaccine, we challenged
animals 16 weeks after the protein boost with repeated low dose weekly intra-rectal
inoculation with heterologous clade C tier2 SHIV 1157ipD3N4 (Fig. 2A). Both vaccinated
groups showed significant protection from infection (p=0.02 for both groups, log-rank
Mantel-Cox test, Fig. 5A), with 40% animals remaining uninfected (4 in each group) after
the final challenge. The efficacy of the vaccine per exposure was calculated to be 67.7%,
95% [CI] 23.5 to 86.4; p=0.02 for both ID/SC and NF-Oral immunization groups (Fig.
5B). Ability of the vaccine to control the infection or reduce viral burden defines another
important readout of vaccine efficacy. We therefore measured viral RNA copies in the
plasma of vaccinated and unvaccinated infected animals on weeks 1, 2, 3, 6 and 12 after
infection (Fig. 5C). The vaccinated arms displayed a significant reduction in viral RNA
copies throughout the time-points monitored, beginning as early as week 2 after infection
relative to the unvaccinated controls; and also when viral load AUCs (area under the curve)
were compared (Fig. 5, C and D). At week 2 post infection, the ID/SC and NF-Oral groups
displayed 62-fold, and 11-fold reduction in viral load respectively (ID/SC 8x10% NF-Oral
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5x10° geomean RNA copies/ml) relative to the unvaccinated animals (geomean 5x106
RNA copies/ml). Interestingly, following week 6 of infection, the NF-Oral group displayed
the highest (74-fold) reduction in viral load relative to controls, when the ID/SC group
displayed 23 to 32-fold reduction in viral load. By week 12, all animals showed significant
reduction in viral load relative to their peak, however, the RNA copies measured in the
vaccinated groups were markedly lower (ID/SC 9x102, NF-Oral 4x102 unvaccinated 3x104
RNA copies/ml) than the unvaccinated animals, indicating the capacity of the vaccines to
elicit immune responses that contribute to the control of viral burden. In addition, vaccinated
animals that became infected earlier during the challenges had higher viral loads than those
that became infected later (Fig. 5E), suggesting that factors contributing towards delaying
infection may also be important for controlling the viral burden. In summary, MVA-HIV/
cycP-gp120 vaccination protected rhesus macaques from mucosal tier2 Clade C SHIV
challenge and controlled viral replication irrespective of the immunization route.

Vaccine specific humoral and T cell responses are associated with protection and reduced
viral replication after mucosal SHIV challenge

We performed correlative analyses to identify immune features that likely contributed to
protection in vaccinated animals (Figs. 6A-D). We focused our analyses on vaccine-induced
antibody responses in serum and rectal secretions, cytokine positive CD8* and CD4* T cells
in blood and rectum, and total proliferating CD4* T cells. A higher fraction of Env-specific
1gG with Fc glycoform G1FB correlated with delayed acquisition (r=0.7, p=0.005), while
the presence of a higher fraction of G2S2F glycoform correlated with earlier acquisition
(r=-0.6, p=0.022), indicating that specific Fc glycoform composition was associated with
protection (Fig. 6A). The frequencies of Consensus C Env-specific CD8* T cells producing
TNFa and IFN+y in rectum (site of virus exposure) at pre-challenge were associated with
delayed acquisition (Fig. 6B, r=0.6, p=0.005). We further classified animals into either early
infected (<3 challenges, n=9) or late infected/protected (=4 challenges, h=11) and compared
the kinetics of expansion of Ki-67* CD4* T cells after each vaccination. Animals that got
infected early during the challenge phase showed marked expansion of proliferating CD4*
T cells following each vaccination that peaked at 2 weeks after the protein vaccination.
However, animals that got infected later during the challenge phase or protected showed
only a small increase after each vaccination and exhibited 2-fold lower Ki-67+* CD4* T

cells (14% in early infected vs 7% in late infected/protected) at week 24 compared to early
infected animals (Fig. 6C). With respect to vaccine-specific CD4" T cells, the consensus

C Env-specific CD4* T cells producing TNFa in rectum at pre-challenge were present

at higher levels in protected compared to infected animals, unlike cells producing IFNy
which did not show any difference (Fig. 6D, TNFa+ p=0.04, IFNy+ p=0.92). To understand
the mechanism behind this, we measured expression of CCR5 on mucosal CD4™ T cells
producing TNFa or IFNvy after in-vitro stimulation with PMA/lonomycin. We observed
that TNFa* CD4* T cells express significantly lower CCR5 (both as a fraction and mean
fluorescence intensity per cell) compared to IFNy* CD4* T cells (Fig. 6E) making the
former less potential targets for viral infection. We could not perform this analysis on
Env-specific CD4* T cells owing to their low frequency. We further evaluated potential
correlations between peak viral load and antigen-specific cellular and humoral responses to
predict factors controlling viral replication (Figs. 6 F and G). The ADCVI activity measured
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against the challenge virus (Fig 6F, r=—0.6, p=0.046) and 1157ipD3N4 V1V2-scaffold
specific responses (Fig 6G, r=—0.6, p=0.040) at the peak of antibody response (week 24)
were associated with reduced viral load. As described above (Fig. 3F), we observed serum
samples with low Env-specific G2S2F fraction to show significantly higher ADCVI activity
compared to samples with high G2S2F fraction. These results suggested that Env-specific
reduced G2S2F Fc glycoform associated with protection (Fig. 6A) could also have played an
important role in controlling viral burden via enhanced ADCVI activity.

In summary, Env-specific 1gG in serum with distinct Fc glycoforms (higher fraction

of G1FB and lower fraction of G2S2F), vaccine induced mucosal TNFa*IFNy* CD8*

T cells, TNFa™ CD4* T cells displaying low CCR5 viral co-receptor expression at pre-
challenge contributed towards protection in the study. Additionally, animals exhibiting low
proliferating blood CD4* T cells were associated with delayed infection.

Discussion

Clade C subtype specific HIV-1 infections are responsible for a large proportion (~48%) of
global HIV-1 burden (52), requiring a vaccine that is effective against these variants. Here
we aimed to generate a clade C vaccine that can provide heterologous protection against a
pathogenic intrarectal SHIV infection and define immune correlates for protection in rhesus
macaques. In parallel, we also compared the vaccine efficacy following oral (mucosal route)
or parenteral (ID for MVVA and SC for protein) immunization routes. Our results demonstrate
that the clade C MVVA/CycP-gp120 vaccine provides significant protection from acquisition
of heterologous mucosal SHIV infection and control of virus replication in infected animals.
We observed significant protection despite the absence of high titer neutralizing activity
against the challenge virus. Immune correlate analysis revealed that reduced risk of infection
was associated with distinct Fc glycosylation profile of vaccine induced polyfunctional
antibodies and T helper response that is resistant to HIV-1 infection. Furthermore, these
correlates were not dependent on mucosal or parenteral routes of immunization. We think
the protection observed against SHIV 1157ipD3N4 infection in the current study is notable
since this is a highly mucosally transmissible tier2 R5 tropic virus, induces high viral

set points in macaques and thus represents a stringent challenge virus to evaluate vaccine
efficacy (53). Previous challenge studies using this virus in NHPs demonstrated limited
vaccine efficacy except a study by Om et al that reported good vaccine protection in male
but not female macaques (54-58).

An interesting finding of our study was that MVVA/CycP-gp120 vaccination induced Env-
specific 1gG with a distinct glycosylation pattern that was different from glycosylation of
total IgG at baseline, and identified specific associations between Fc glycosylation and
enhanced protection from infection. We showed significant associations between higher
fraction of Env-specific G1FB and lower fraction of G2S2F glycoforms with reduced risk of
infection. It was interesting to note that a previous study by Vaccari et al also showed the
presence of higher fraction of G1F and lower fraction of fucosylated G2 forms (G2FB, G2F
and G2S1F) in animals that were vaccinated with alum compared to MF59 using ALVAC
prime/protein boost strategy (59). While Vaccari et al did not report a direct association
between specific Fc glycoform and protection, the alum adjuvanted animals showed better
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protection compared to MF59 adjuvanted animals in their study further strengthening the
finding about the influence of Fc glycosylation on vaccine protection against SIV and the
potential beneficial role of G1FB glycoform and negative influence of G2 forms.

The mechanisms by which Fc glycoforms influence protection needs further investigation.
One explanation is that Fc glycosylation influenced the effector function of antibody
responses. Towards this, our data showed an inverse association between G2S2F glycoform
and ADCVI activity. Mechanistically, lack of fucosylation of human IgG has been reported
to improve binding to FcyRIlla (43-45) and thus could have resulted in better ADCVI
function of the antibody. We hypothesized that we would identify additional associations
between Fc glycosylation pattern and other functional activities such as neutralization and
ADCC, but this was not the case. We think this may be because we used C.1086 Env
trimer for Fc glycan profile and 1157 Env or challenge virus (1157ipD3N4) for functional
assays. Unfortunately, we couldn’t use 1157 Env for glycan analysis since we didn’t

have a trimer protein for this Env. The mechanisms by which the vaccination influences
glycosylation is still under active investigation. Various factors including the route, number
of immunizations and adjuvants can influence antibody glycosylation (60, 61). Towards this,
it will be important to investigate the influence of dmLT adjuvant on Fc glycosylation and
protection.

Although we observed an association between G2S2F glycoform and ADCVI activity or
protection, we did not observe an association between ADCV1 activity and protection and
thus could not establish a mechanistic link between G2S2F glycoform and protection. The
lack of association between ADCVI activity and protection in this study was different
compared to our previous studies where we observed a direct association between ADCVI
activity and protection (25, 62, 63). However, in this study we observed a strong direct
association between ADCVI activity and viral control. Furthermore, animals that became
infected later during the challenge phase showed better viral control. This raised the
possibility that ADCVI activity could have contributed to blunting of local virus replication
soon after infection leading to non-productive infection and better prevention of infection.

Previous studies showed an association between higher frequencies of total activated CD4 T
cells or a4p7* Ki-67* CD4 T cells and enhanced acquisition of SIV infection in macaques
(64-66). In our study we seggregated vaccinated animals into early or late (or protected)
acquires of infection based on their infection status during the challenge phase, and observed
maximum difference between the groups in terms of proliferation of circulating CD4* T
cells at peak CD4 T cell response (two weeks after the protein boost). We used this time
point since this represented peak effector phase following booster vaccination at which T
cells are expected to circulate through blood before they migrate to different tissues. In
addition, in our previous study we showed that the frequency of IFNy* CD4 T cells at the
peak effector phase in blood predict IFNy* CD4 T cells in the mucosa several months after
vaccination (14). The differences in Ki-67 expression in these two acquisition groups do not
persist at pre-challenge (12 weeks after the boost) as cells that migrated to tissue at the peak
effector phase do not recirculate through blood.
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It is becoming increasingly clear that that the HIV susceptible phenotype of vaccine induced
CDA4 T cells can significantly modulate vaccine protection especially under conditions of
poor neutralizing antibody response, and the phenotype of CD4 T helper response can be
influenced by the vector platform and the adjuvants used (14, 65, 67). In this study we
showed a positive association between vaccine-induced TNFa producing CD4 T cells in

the rectum and better protection from infection, pointing to a mechanism in which TNFa
producing CD4 T cells express lower CCR5 compared to IFNy producing CD4 T cells.
These results highlight the need for comprehensively screening for the HIV susceptible
phenotype of CD4 T cell helper response induced by different adjuvants.

While we observed an increase in circulating Ki67* CXCR3* (Thl) CD4 T cells after the
protein boost, we measured very low cytokine responses by intracellular cytokine staining.
However, not all proliferating cells during the peak of response might produce cytokines
such as IFNy and TNFa following stimulation with specific peptides. This has been a
limitation in defining antigen-specific Tfh responses and the field has resorted to doing

the AIM assay (68). In addition, there might be bystander proliferation of non-vaccine
specific cells. Despite these limitations, we followed these cells to get a broad understanding
of overall nature of responding cells following vaccination since HIV-1 can also infect
non-HIV specific CD4 T cells.

Mucosal immune responses are generally more efficiently induced by mucosal vaccinations
than by the parenteral route of immunization (16). However, we did not observe differences
in vaccine elicited antibody architecture in mucosal secretions between the oral and
parenteral vaccination arms. This could be due to the use of the strong mucosal adjuvant
dmLT in both immunization routes driving similar mucosal responses. Yet, we did not
observe IgA responses in mucosal secretions in either vaccination arms. In our previous
pilot study(25), oral immunization induced strong Env-specific IgA responses in vaginal
secretions and modest levels in rectal secretions using high dose of 50ug dmLT as adjuvant.
We did not measure IgA in vaginal secretions in the current study since we used all male
animals. It will be interesting to measure the induction of mucosal IgA responses with a
higher concentration of adjuvant (current study used 5ug dmLT) using the Clade C specific
MVA/CycP-gp120 vaccine regimen administered orally and determine its impact on the
protection outcome. Although high serum IgA levels have been linked to increased risk of
infection in the RV144 trial (2), mucosal IgA (dimeric form) has different features than
serum IgA (monomeric form) and passive mucosal administration of Env-specific mAbs as
dimeric IgA have been shown to provide protection against mucosal transmission of SHIV
(69).

Th17 cells are largely enriched in gut and express CCR6 as the trafficking receptor to
tissue microenvironments of the intestine such as Payer’s patches (70). It was encouraging
to see that the mucosal immunization resulted in higher expression of CCR6*CXCR3"~
(Th17 polarized) chemokine receptors on proliferating CD4* T cells, indicating enhanced
mucosal trafficking of T cells following oral immunization. In another study (42), the
authors demonstrated that a DNA/rAd5-SIVmac239 based vaccine regimen administered to
NHPs via either intramuscularly (IM), or by aerosol (AE) route, conferred similar levels

of protection. However, it resulted in differential induction of Env-specific Fc glycoforms,
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and effector functions (IM preferentially induced 1gG driven ADCP while AE elicited IgA
driven ADNP) as correlates of reduced infection risk. We did not observe any quantitative
differences in any antigen-specific antibodies and functions in either immunization groups,
with no major differences in any protection correlates between the two groups/immunization
routes.

The use of needle-free injectors for drug delivery over traditional syringes and hypodermic
needles are attractive due to their ease of use for mass immunizations, avoiding needle-stick
injuries, and issues with re-use of a needle (71-73). Pharmalet has been approved to be
safe and effective in delivering vaccines/immunogens related to influenza, MMR, IPV, HPV,
Zika, and recently SARS-CoV-2 related DNA vaccine in an ongoing Phaselll clinical trial
(74-76). We have successfully demonstrated the effectiveness of MVA/CycP-gp120 HIV-1
vaccines delivered by the needle-free jet injectors Syrijet Mark Il (Keystone Industries,
Cherry Hill, New Jersey, United States) (25) and PharmaJet (current study). The equivalent
protection levels and immune profiles observed when the vaccines were delivered either
using the jet injector (NF-Oral group) or hypodermic needle (ID/SC group) suggests
retention of the properties of the immunogens delivered using the needle-free injector. We
anticipate future vaccine delivery methods to adopt the benefits of using quick, hassle-free
and painless needle-free injectors.

In the current study we performed a maximum of six weekly intra-rectal challenges

to evaluate vaccine efficacy. While these results are highly encouraging, increasing the
number of challenges to 12 would further increase the rigor of the results. Additionally,

our results showed that animals with higher proliferating CD4* T cells during vaccination
displayed increased rate of acquisition of SHIV infection. However, we did not monitor

for proliferating CD4 T cells at the end of all six challenges. This information would have
allowed us to establish if there was any relationship between proliferating CD4 T cell
frequency post challenge and infection status. Furthermore, defining the association between
Env-specific antibody Fc glycosylation at additional time points during vaccination and
acquisition of infection would strengthen immune correlates for protection.

In conclusion, our results validated the protective efficacy of the MVVA/cycP-gp120
immunization regimen against a pathogenic heterologous clade C SHIV challenge and
identified important immune correlates related to antibody glycosylation and T cell
responses highlighting the potential utility of this vaccine to offer protection against diverse
strains of HIV-1. The 68% vaccine efficacy observed in this study is likely to have some
impact on annual new infections based on modeling done by Harmon et al., that estimated a
HIV vaccine with 70% efficacy would reduce annual new infections by 78% (67).

Materials and methods

Study design

The goal of this study was to determine (a) the protective efficacy of an optimized

HIV-1 Clade C MVA/CycP-gp120 trimer vaccine with dmLT mucosal adjuvant against
heterologous pathogenic SHIV in macaques, (b) whether altering the route of immunization
would influence the protection outcome and immune responses, and (c) identify the immune
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correlates of protection. To address these, we first designed, characterized multiple Clade
C CycP gp120 constructs, and selected the one efficiently folding into trimers exhibiting
higher binding to trimer specific bnAbs as the protein component of the vaccine regimen.
Details of the immunogens, purification and characterization have been described in
Supplementary Materials and Methods. Male Indian rhesus macaques Macaca mulatta
(n=20, 3.5-5.6 years old, mean 4.2 years, mean 6.4kg body weight, 4.3-9.7kg) used

in the study were housed in pairs in standard NHP cages at Yerkes National Primate
Research Center, and fed with standard primate food (Purina monkey chow), fresh fruit,
and enrichment daily, with free access to water. 29 of the 30 animals were Mamu A*01-.
All immunizations, blood draws and sample collections were performed under anesthesia
with ketamine (5-10mg/kg) or telazol (3-5mg/kg) by trained research and veterinary staff
who were blinded for study group information. All vaccinated animals were divided into
two groups (n=10 per group) i.e., ID/SC and NF-Oral. The animals were primed with MVA
expressing HIV-1 C.1086-VLP (1x108 pfu in 100pl per dose) at weeks 0 and 10, followed
by boosting with ConC-C CycP gp120 (100pg/dose with 5pg dmLT adjuvant (26)) at week
22. The ID/SC group received MVA via intradermal route and protein via subcutaneous
route, dose split equally between right and left thigh. The NF-Oral group received both
vaccines in the mouth by PharmaJet Tropis needle-free injection (PharmaJet, Inc.) with
total dose split between buccal and sublingual sites. Ten age, sex and weight matched
Mamu-A*01~ animals were used as unvaccinated controls after all immunizations were
done. All vaccinated and un-vaccinated animals were challenged weekly intra-rectally with
SHIV1157ipD3N4 (NIH AIDS reagents program, cat# 11689 (53), 1:700 dilution of stock
(containing 9.8x108 50% tissue culture infective doses [TCIDsg]/ml and 257 ng/ml p27)
beginning week 38 for a maximum of 6 challenges or until two consecutive positive viral
load (RNA copies/ml measured in plasma by quantitative RT-PCR as described earlier (77)
>60). To determine peak and set-point viral load, plasma viral loads were monitored for upto
12 weeks post infection.

Ethics statement

All experiments involving rhesus macaques were conducted at Yerkes National Primate
Research Center in compliance with Emory University Institutional Animal Care and Use
Committee (IACUC) protocol YER2003491, under USDA regulations and Guide for the
Care and Use of Laboratory Animals guidelines.

Assays to characterize antigen specific serum properties

ELISA was performed to determine C.1086 trimer (UFO-v2-RQY173 (28)), Conc-CycP
gp120 trimer, gp70 1157 V1V2, gp70 C.1086 V1V2-specific binding antibodies in serum
and avidity of antibodies against SHIV 1157ipD3N4 VLPs; Binding antibody multiplex
assay (BAMA) to measure serum binding antibodies against a diverse panel of gp70
V1V2 envs, and antigen-specific antibodies in secretions. Binding of rhesus serum to full-
length 1157ipD3N4 challenge virus env membrane anchored and expressed on HEK293T
cells was measured. Functional assays were performed and included neutralization against
pseudotyped C.1086 K160N, 1157ipD3N4 Env G13.10 envs by TZM-bl assay, ADCVI
and ADCC against the challenge virus using CCR5* CEM NK' SHIV infected cells as
target cells and human PBMCs, rhesus CD16 expressing KHYG1 NK cells as effector
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cells respectively, ADNP and ADCP against target beads coated with C.1086 trimer using
human neutrophils and THP-1 cells as effector cells respectively. Antigen-specific antibody
subclass/isotypes were identified by Luminex multiplexing. C.1086 trimer specific 1gG Fc
glycosylation analysis was performed by capillary electrophoresis. C.1086 trimer used in the
study refers to C.1086 UFO-v2-RQY173 (28). Details of all the assays have been mentioned
in Supplementary Materials and Methods.

Intracellular-cytokine staining (ICS) assay and flow-cytometry based phenotypic
characterization of immune cells

PBMCs and cell suspensions obtained from processed rectal biopsies (as previously
described (25)) were stimulated with SIVmac239 Gag and HIV C.1086 Env peptides
(2ug/ml each) (NIH AIDS Reagent program) in presence of co-stimulatory anti-CD28 (BD)
and anti-CD49d (BD) (1ug/ml each) for 2 hrs at 37°C, 5% CO, as previously described
(25). Protein transport inhibitors GolgiStop (BD) and GolgiPlug (BD) were added (0.5ug/ml
each) and incubated for additional 4hrs, followed by staining of cells to measure SHIV
specific cellular production of cytokines (IFN-g, TNF-a, IL-2) by flow-cytometry. All
response values (say, A, if A< (0.02 for analyses of rectal samples or 0.01 for analyses

of PBMCs), A=0 and also, if A< (2* Response measured for their unstimulated controls,
say B), A=0) were subtracted from values measured using their un-stimulated controls,

B. The net subtracted response values used for analyses (Y, where Y>0) = A — B. For
phenotypic characterization of cells, PBMCs were stained for following phenotypic markers
(clone of antibodies used): CD3 (SP34-2), CD4 (SK3), CD8 (RPA-T8), CD45RA (5H9),
CCRY7 (150503), CXCR5 (MU5SUBEE), CCR5 (3A9), CCR6 (11A9), CXCR3 (G025H7),
a4p7 (NHP reagent resource), live/dead fixable stain and intracellular staining for Ki67
(B56). Visualization and analyses of flow-cytometry stains were done using FlowJo v9.9.6
software. Additional details of the staining method and antibodies used have been described
in Supplementary Materials and Methods.

Network visualization and multivariate analyses

All significant correlations (spearman’s correlation coefficient | r | >0.7, and two-sided
p<0.05) were used to visualize as network using Cytoscape 3.8.2 (78). Principal Component
Analyses (PCA) analyses was performed using PCA(), FactoMineR package in R v3.5.2
(79).

Statistical Analyses

All statistical analyses were performed using GraphPad Prism v9 software. Statistical
significance between groups was performed by Mann-Whitney U test. Wilcoxon matched-
pairs signed rank test, two-tailed was performed for statistical comparison within groups.
For comparisons involving multiple groups, One way ANOVA test was performed followed
by Mann-Whitney U test for statistical comparison between groups. In all cases Bonferroni’s
correction for multiple comparisons was done and p values found significant after correction
reported. Spearman’s correlation coefficients were calculated for measuring correlations

and two-sided p values indicated; all significant findings after adjusting for multiple
comparisons by Bonferroni correction reported. Kaplan-Meier curves and log-rank Mantel
Cox test were used to display and estimate differences in rate of acquisition of infection
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between vaccinated and control unvaccinated groups. *p < 0.05, **p< 0.01, ***p<0.001,
****<0.0001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Design and characterization of Clade C CycP envelope immunogens.
(A) Schematic representation of the Clade C gp120 and CycP gp120s designed in the

study. (B) Size-exclusion chromatography (SEC) profiles of 293F expressed, Galanthus
nivalis Lectin (GNL) affinity purified gp120 variants. Trimeric peak (arrow) elution volume
(ml) indicated, trimer proportion (% AUC) for each protein mentioned below its legend.
(C) Blue native PAGE (BN-PAGE) of purified proteins with molecular weight standard.
(D) 2D-class averages (4x4 images) of the proteins (purified after SEC) monitored by
negative stain electron-microscopy. Representative class in each dataset that resembles a
trimeric particle has been circled (red). (E) Kp (nM) of CycP gp120 and gp120 designs
against various env specific antibodies measured by Bio-layer Interferometry (BLI). Kinetic
parameters calculated by globally fitting the raw data to a 1:1 binding model. Mean of Kp
values calculated from more than two independent experiments indicated. (F) BLI binding
responses of Conc-C CycP gp120 to HIV-1 env specific bnAbs. Raw traces (dotted), fit
traces (solid).
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Fig. 2. Clade C MVA/CycP gp120 vaccination induces a strong antibody response in serum and
rectal secretions, and broad envelope, gp70-V1V 2 scaffold specific serum responses.

(A) Schematic overview of the MVVA-SHIV/conc-C CycP gp120 vaccine efficacy study in
rhesus macaques. The group color codes are followed across all panels. (B-D) Longitudinal
antibody binding responses (geometric mean, error bars SD) in (B) serum, (C) rectal
secretions, (D) salivary secretions measured against C.1086 trimer. (E) C.1086 trimer
specific binding responses by 1gG subclasses and IgA in serum. (F) Serum binding 1gGs
specific to a panel of diverse HIV-1 gp120 envs, including C.1086 gp140 trimer. (G, H)
Serum antibody binding responses measured against (G) a panel of V1V2-scaffolds from
16 cross-clade HIV-1 isolates, and (H left) 1157ipD3N4 and (H right) C.1086 V1V2

loops scaffolded onto gp70 protein. (1) V1V2 Breadth magnitude curves of all immunized
animals (dotted line) with median response of each group (bold line) indicated. Unpaired
two-tailed Kolmogorov Smirnov test to see statistical difference between ID/SC and NF Oral
groups. (J) Serum binding antibody responses against V3 peptide (left) and normalized to
total C.1086 trimer specific responses (right). (K) L eft Representative flow plots showing
binding of serum collected before vaccination (pre-bleed) and two weeks after protein boost
(1:100 dilution) to live transiently transfected 293T cells expressing membrane anchored
1157ipD3N4 gp160. Binding signal of vaccinated serum to MLV transfected cells was

used as a negative (—ve) control to define the binding signal gate. Env specific bnAbs
(PGT121, PGT145) were used as positive (+ve) controls. Right Frequency of 1157ipD3N4
envelope+ (Env*) cells measured for each vaccinated animal. (E-F) Minimum-to-maximum
whisker box plots with box extending from 25th to 75th percentile and line indicating
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the median. (E-K) Serum collected two weeks after protein boost was used for analyses.
(B-D, J, H) Shaded gray area represents background signal based on responses in pre-bleed
serum. (E, F) Data plotted were subtracted from responses obtained from naive rhesus
macaque serum, (G, K) pre-bleed. All values plotted are the average of at-least two
independent experiments. Statistical comparisons between groups were conducted by Mann-
Whitney U test and Bonferroni correction was used to adjust for multiple comparisons.
Significant findings were indicated by *p < 0.05, **p< 0.01, ***p<0.001, ****p<0.0001.
ID/SC Intradermal/subcutaneous, NF Needle-free, MVA-SHIV Modified Vaccinia Ankara
expressing SIV mac239 Gag/Pol and HIV-1 C.1086 gp150 Env as VLP (virus like particle).
In all cases, data was monitored for n=10 animals in each vaccine arm.
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Fig. 3. Functional and biophysical characterization of serum antibody responses.
(A) Functional activities associated with the serum (collected two weeks after protein

boost or week 24) from vaccinated animals, including neutralization, antibody-dependent
cell-mediated virus inhibition (ADCVI), antibody-dependent cellular cytotoxicity (ADCC),
antibody-dependent cellular phagocytosis (ADCP, monocyte mediated), antibody-dependent
neutrophil phagocytosis (ADNP) activities. Neutralization was measured against SHIV
1157ipD3N4 Env G13.10 pseudotyped virus, ID50 serum dilution for 50% neutralization,
titer< 20 (or background, shaded gray) shown at 15 for data representation. ADCVI and
ADCC functions were measured against SHIV1157ipD3N4 (challenge virus envelope),
while ADCP and ADNP activities were measured specific to C.1086 trimer. (B) Correlations
between antigen-specific effector functions and antigen-specific antibodies in serum at
Wk24. 95% confidence interval shaded gray. All significant findings are reported after
adjusting for multiple comparisons by Bonferroni correction. Spearman’s correlation
coefficient r and two-sided p value indicated, n=20. (C-E) Distribution of C.1086

trimer specific 1gG Fc specific (C) total galactosylated (GO agalactosylated, G1 mono-
galactosylated, G2 di-galactosylated), total fucosylated, total bisecting GIcNAc and total
sialylated glycoforms across the immunization groups; (D) all GO bearing glycoforms; (E)
all glycoforms monitored in the study (GO agalactosylated, G1 mono-galactosylated, G2
di-galactosylated, F fucosylated, B bisecting GIcNAc, S1 mono-sialylated, S2 di-sialylated,
nomenclature as described by Mahan et al., 2015 (80), responses from both groups (n=15)
shown due to similar distribution profile of the glycoforms across the vaccination groups,
see fig. S4D). In (C, D), total 1gG Fc glycoform of pre-vaccination serum has also been
shown in gray to indicate its baseline level, n=20. Wilcoxon matched-pairs signed rank
two-tailed test for statistical comparison between two time-points within vaccinated groups
i.e. Fc glycoform specific to total IgG sampled pre-vaccination and Fc glycoform related

to Env-specific 1gG sampled after protein boost, Wk24. Bonferroni correction used to
adjust for multiple comparisons, significant findings were indicated by *p < 0.05, **p<
0.01, ***p<0.001, ****p<0.0001. p values group wise color coded and indicated above
group specific data show comparison relative to group specific pre-vaccination data. (F)
Relationship between different effector functions and Env-specific Fc glycoforms. 95%
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confidence interval shaded gray. Spearman’s correlation coefficient r and two-sided p value
indicated, n=15. (C-F) All plots corresponding to Env-specific Fc glycoforms contain data
from 15 vaccinated animals, serum collected at Wk24. Data was not available for 5 animals
due to low concentration of Env-specific IgG in the serum samples. (A, C, D) All Responses
measured in ID/SC group are colored blue, and NF-Oral group colored orange in all panels.
Box and whiskers plots where box extend from 25th to 75th percentile, median indicated

by line, minimum and maximum values indicated by whiskers. All values plotted are the
average of at-least two independent experiments. ID/SC Intradermal/subcutaneous, NF-Oral
Needle-free Oral vaccine groups. In all cases, data was monitored for n=10 animals in each
vaccine arm, unless otherwise indicated.
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Fig. 4. Characterization of T cell responses after vaccination.
(A) Right, Temporal profile of circulating Ki-67+ CD4" T cells (geomean in solid lines);

L eft, representative flow cytometry staining for a vaccinated animal. Wilcoxon matched-
pairs signed rank test, two-tailed for statistical comparison within vaccinated groups. (B)
Right, Scatter plot showing altered distribution of the fraction of circulating Ki-67*CD4*
T cells expressing a4p7/CCR5 chemokine receptors; important for permitting HIV-1
pathogenesis, at the peak proliferation phase of cells after vaccination (wk24) relative

to unvaccinated control; L eft, Representative flow staining. (C) Top, Representative flow
staining showing gates used to monitor the co-expression of chemokine receptors on Ki-67*
CD4* T cells and Bottom their comparative analyses using a Boolean function in FlowJo
v9.9.6. One way ANOVA for statistical comparisons followed by Mann-Whitney U test for
statistical comparison between groups. (D) Vaccine specific (SIV gag + Consensus C Env
peptide pool) cytokine responses measured for CD4* and CD8* T cells present in blood
and rectal tissue at pre-challenge (Wk34 or 4 weeks prior to intra-rectal SHIV challenge),
n=10 in each vaccine arm and n=10 unvaccinated animals. For cytokine responses measured
for rectal CD4* T cells, n=7 ID/SC and n=9 NF-Oral due to data not available for animals
with low CD4 T cell counts (<1000, threshold). Cells stimulated with PMA/lonomycin and
blank (non-stimulated) served as positive and negative controls respectively to define gates.
Mann-Whitney U test for all statistical comparison between groups. All statistical analyses
have been corrected for multiple comparisons using Bonferroni correction, except TNFa*
rectal CD4 T cell responses for ID/SC vs unvaccinated comparison. All comparisons found
to be significant after correcting for multiple testing are indicated by *p < 0.05, **p< 0.01,
***n<0.001, ****p<0.0001. All Responses measured for ID/SC group indicated in blue,
and NF-Oral group in orange. Box and whiskers plots where box extend from 25th to 75th
percentile, median indicated by line, minimum and maximum values indicated by whiskers.
(A) p values group wise color coded and indicated above group specific data indicate
comparison relative to group specific pre-bleed response, or (B-D) responses measured
relative to unvaccinated control animals, unless otherwise indicated. ID/SC Intradermal/
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subcutaneous, NF-Oral Needle-free Oral vaccine groups. In all cases, data was monitored
for n=10 animals in each vaccine arm and n=10 unvaccinated animals, unless otherwise
indicated.
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Fig. 5. MVA-HIV/cycP-gp120 vaccination protects rhesus macaques from mucosal Clade C SHIV
challenge and controlsviral replication irrespective of the immunization route.

(A) Acquisition of SHIV infection in ID/SC (n=10), NF-Oral (n=10) vaccinated and
unvaccinated (n=10) animals (Kaplan-Meier curves and Log-rank (Mantel-Cox) test), intra-
rectally challenged with tier2 pathogenic Clade C SHIV1157ipD3N4. (B) Vaccine efficacy
of the two vaccinated groups vs control animals calculated as described previously (81).
(C) Kinetics of plasma viral loads in unvaccinated (n=10, infected), vaccinated ID/SC
(n=6, infected) and NF-Oral (n=6, infected) animals. Geomean + 95%CI shown in the
right-most graph. (D) Vaccination results in reduction in viral load (measured as AUC)
relative to unvaccinated controls. Box and whiskers plots where box extend from 25th to
75th percentile, median indicated by line, minimum and maximum values indicated by
whiskers. (C, D) Mann-Whitney U test for statistical comparison between groups followed
by Bonferroni correction for multiple comparisons; significant p values after correcting

for multiple comparisons indicated by *p < 0.05, **p< 0.01, ***p<0.001, ****p<0.0001.

p values group color coded indicate comparison relative to controls. (E) Peak viral load
monitored after infection inversely correlated with number of challenges for infection for
all vaccinated infected animals (n=12), 95% confidence band shaded gray. Spearman’s
correlation coefficient r and two-sided p-value indicated. ID/SC Intradermal/subcutaneous,
NF-Oral Needle-free Oral vaccine groups.
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Fig. 6. Vaccine specific humoral and T cell responses are associated with protection and reduced
viral replication after mucosal SHIV challenge
(A) C.1086 trimer Env-specific 1gG Fc glycoforms G1FB and G2S2F correlate with reduced

and enhanced risk of SHIV infection, respectively. The plots contain data from n=15
vaccinated animals. Data was not available for 5 animals due to low concentration of
Env-specific 1gG in the serum samples. Ul Uninfected. (B) Consensus C Env-specific
IFNy*TNFa* CD8* T cell responses measured at pre-challenge in rectum for all vaccinated
animals (n=20, some data points overlap in the plot) associate with reduced risk of
infection. Ul Uninfected. (C) Kinetics of circulating Ki-67* CD4* T cells for vaccinated
animals stratified into early infection acquirers (<3 challenges, n=9) and late acquirers or
protected (=4 challenges or completely protected, n=11). Solid lines indicate geo-mean.
Prior to vaccination or wk0, Peak effector response after MVA-1, MVA-2, protein boost

i.e. WK2, Wk11 and Wk24, respectively, Pre-challenge wk34 or 4 weeks before virus
exposure. Wilcoxon matched-pairs signed rank two-tailed test for statistical comparison
within the groups, and Mann-Whitney U test for comparisons between groups. Comparisons
found significant after correcting for multiple testing by Bonferroni correction indicated

by *p <0.05, **p< 0.01, ***p<0.001, ****p<0.0001. p values group wise color coded

and indicated above group specific data indicate comparison relative to group specific
pre-vaccination response, or otherwise indicated. (D) Protected vaccinated animals have
(Ieft) similar levels of Consensus C SHIV-specific IFNy™*, and (right) higher levels of
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TNFa*™ CD4" T cell responses at pre-challenge in rectum relative to infected vaccinees,
Data for animals with rectal CD4 T cell counts > 1000 (threshold) shown, n=9 infected,

n= 7 protected,. Unpaired two-tailed t-test for statistical comparison between groups. (E)
CD4* T cells in rectum producing TNFa after in-vitro stimulation with PMA/lonomycin
express significantly lower CCR5 (both as (middle) fraction and (right) mean fluorescence
intensity per cell, MFI) relative to IFNy* producing CD4* T cells, n=20 vaccinated animals.
Wilcoxon matched-pairs signed rank test, two-tailed for statistical comparison between
groups. Representative plot shown in left with %CCR5™" of cytokine* CD4* T cells indicated
in green parenthesis. (F,G) Correlation between peak viral load and challenge virus-specific
(F) ADCVI activity, (G) gp70 V1V2-antibodies for all infected vaccinated animals, n=12.
In (A, B, F) Spearman’s correlation coefficient r and two-sided p-value indicated, 95%
confidence band shaded gray. In (C-E) Box and whiskers plots where box extend from 25th
to 75th percentile, median indicated by line, minimum and maximum values indicated by
whiskers. P values reported in A, B, F, G are not adjusted for multiple comparisons. The
un-adjusted and adjusted p-values for the immune parameters used to report correlations
with protection and peak viral load are shown in table S3. ID/SC Intradermal/subcutaneous,
NF-Oral Needle-free Oral vaccine groups.
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