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Abstract of Dissertation

Strategies to Utilize Antibodies for HIV-1 Treatment and Prevention

Currently there is no effective vaccine against HIV-1, and treatment strategies
typically rely on daily therapies that allow rapid viral rebound if interrupted.
Improvements to both treatment and prevention strategies are high priorities given the
major global burden that HIV-1 represents. Here, we examine potential improvements to
therapies for both treatment of HIV-1 infection and prevention of viral acquisition. First,
we investigated treatment strategies by sequencing outgrowth viruses from individuals
stably treated on antiretroviral therapy (ART) and assessing the susceptibility of these
viruses to neutralization by broadly neutralizing antibodies (bnAbs) and autologous I1gG.
We observed that individuals with greater env gene diversity in their latent reservoirs
were on average more resistant to bnAbs, and that all outgrowth viruses were fairly
resistant to autologous neutralization. Secondly, we examined the impact of oral probiotic
adjuvants on SHIV vaccination in a macaque model. We observed that probiotic
treatments alongside vaccination significantly reduced circulating IgA titers during
subsequent SHIV infection, but did not impact circulating anti-commensal antibody
titers. By investigating approaches to better utilize antibodies in treatment and prevention

strategies, we hope to advance the critical field of HIV-1 medicine.
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Chapter 1: Introduction
1.1 HIV-1 diversity and latency

Human Immunodeficiency Virus (HIV-1) is among the deadliest pathogens of the
modern day, with an estimated 36.7 individuals living with the virus®. The HIV-1
epidemic continues to spread, with an estimated 1.8 million new infections each year?,
and an estimated 680,000 deaths per year?. Upon infection, HIV-1 is typically able to
escape immune pressure and maintain a chronic infection that, if left untreated, is very
likely to result in the death of the infected individual®®.

The virus’ ability to evade the immune system is due in large part to its high
mutation rate. As a retrovirus, HIV-1 encodes a reverse transcriptase enzyme which
allows it to convert its RNA genome into DNA which can be inserted into the host
genome. However, this reverse transcriptase has no proofreading activity, and exhibits an
error rate several orders of magnitude greater than cellular DNA polymerase® 7. While
this high mutation rate can often be deleterious to an individual virus, at a population
level it allows for the rapid establishment of a diverse quasispecies within the infected
individual®. Because of selective pressure exerted by antibodies on the HIV-1 envelope
(env) gene, viruses within the same subtype have been observed to vary up to 38% in this
gene, while the HIV-1 genome overall typically does not vary more than 15-20% within
the same subtype®. A small number of mutant viruses in a quasispecies will carry escape
mutations that allow them to evade the immune system, and will quickly become
dominant as selective pressure eliminates non-escaped viruses.

HIV-1 infects CD4+ T cells, many of which can live for years in the memory

compartment'?. Integrated HIV-1 genomes in quiescent memory CD4+ cells provide a



latent proviral reservoir which is not cleared by the immune system?* 12, When HIV-1
infected individuals initiate antiretroviral therapy (ART), actively replicating infection is
halted and viremia drops to undetectable levels. However, the latent reservoir remains,
and if ART is withdrawn, an actively replicating infection will resume from these long-

lived infected cells!® 4,

1.2 Autologous antibody responses and coevolution

HIV-1 infection typically begins with a single founder virus following sexual
transmission® 1> 18, While autologous antibody responses are generated against the
founder virus and early variants, they are insufficient to control infection!’. Point
mutations, insertions, and deletions caused by low-fidelity reverse transcriptase activity
can all cause structural changes in the HIV-1 envelope protein or its glycosylation
pattern, which can allow escape from binding and neutralization by antibodies that
previously had been effective against a given quasispecies. During untreated infection,
evolution between the viral envelope and antibody-secreting B cells enter into a
“coevolutionary arms race”, with escape mutations allowing the virus to continually
evade antibody responses, which themselves adjust for newly arising envelope
structures®®. However, the rate of envelope mutation is so great that HIV-1 is rarely
controlled long-term in the absence of ARTY.

Circulating antibodies are often capable of neutralizing viruses from earlier
timepoints during infection, but are typically not able to neutralize contemporaneous
plasma virus'® 2. This illustrates the constantly evolving nature of HIV-1 quasispecies

and the ineffectiveness of autologous antibody responses in controlling infection.



However, the effective neutralization of older circulating quasispecies does indicate that

strategies focused on improving or augmenting autologous antibodies may hold promise.

1.3 Probiotic treatments and humoral immunity

Given the inability of autologous antibodies to control HIV-1 infection,
developing strategies to prevent infection is an extremely high priority. To date, the only
HIV-1 vaccine clinical trial to demonstrate any efficacy (RV144) found decreased rates
of infection to be correlated with high V1V2-targeting IgG and low Env-specific IgA%,
suggesting that neutralizing antibodies may hold the key to effective vaccination.
Strategies aimed at improving antibody responses to HIV-1 vaccines are thus urgently
required. One such strategy that may hold promise is the use of probiotics as adjuvants
for HIV-1 vaccines. Administration of oral probiotics to boost vaccine responses has
been shown to be effective in vaccination against the enteric virus rotavirus® 2%, When
treating gnotobiotic pigs with oral Lactobacillus Acidophilus alongside vaccination, the
authors observed an increase in circulating IgM, 1gG, and IgA titers against rotavirus
compared to animals receiving the vaccine alone. This increase in circulating antibody
titers was correlated with superior protection from viral challenge. While HIV-1 is not
closely related to rotavirus, it does make use of the gut as a site of major early
replication®*. Because of this, strategies that have proven effective in an enteric virus
model may have applications in the context of HIV-1.

In rhesus macaques (RMs), treatment with VVSL3 oral probiotics have been shown
to increase numbers of IgA+ B cells in the gut and lymph nodes (LN), as well as T

follicular helper (Tfh) cells in the LN?5. This suggests a mechanism by which antibody



titers could be increased by probiotic adjuvants in the context of vaccination, given that
Tth cells are instrumental for T cell help of B cells both in terms of somatic

hypermutation and of class switching. Administering VSL3 alongside an HIV-1 vaccine
regimen may have the potential to increase circulating titers against HIV-1 and improve

vaccine responses.

1.4 Broadly neutralizing antibodies

A common goal of HIV-1 vaccination strategies is the elicitation of broadly
neutralizing antibodies (bnAbs). Broadly neutralizing antibodies are a subset of
antibodies arising in a small proportion of individuals which are capable of neutralizing
many strains of HIV-1. Though they occur naturally only rarely, bnAbs have been
observed to neutralize a large proportion of quasispecies in addition to heterologous
viruses from entirely different viral subtypes?®. Consequently, the elicitation of bnAbs is
a key goal of many HIV-1 vaccination strategies.

bnAbs may target several different epitopes on the envelope protein, and interfere
with the ability of a virion to infect cells. The HIV-1 envelope spike is comprised of
trimers of two protein subunits, gp41 and gp120, both of which can be targeted by bnAbs.
A common target of bnAbs is the CD4-binding site, located on the interior face of gp120.
Other common bnAb epitopes on gp120 include the V2 apex, located at the tip of each
gp120 protein, and the V3 glycan, situated just below the V2 apex. The gp41 trimer
which makes up the “stalk” of the envelope complex can also be targeted, with the
membrane proximal external region (MPER) serving at the target for several bnAbs as

well.



In order to elicit broad neutralization from HIV-1 vaccination, researchers have
utilized polyvalent Env proteins?’-?°, mosaic antigens®, and novel stabilized Env
trimers®. While each of these strategies represents progress in the field of HIV-1 vaccine
design, the induction of a protective humoral response in humans remains elusive.
However, the introduction of exogenous bnAbs for prevention and treatment may
circumvent the need to elicit autologous bnAbs with a vaccine. In humans, bnAb
infusions of CD4-binding site (CD4bs) targeting antibodies VRCO01, 3BNC117, VRC-01
LS, and VRCO07-523 LS, as well as V3 loop targeting antibodies 10-1074 and PGT121
have been tested in clinical trials for protection of seronegative individuals. PGT121, 10-
1074, VRCO1, and 3BNC117 and have also been tested for control of infection in viremic
subjects, and the latter three have been tested for their ability to prevent rebound in ART-
treated individuals upon withdrawal of treatment. These ART treatment interruption
(ATI) trials demonstrated the ability of bnAbs to delay rebound while antibody levels in
plasma remained sufficiently high, but only in individuals who did not harbor preexisting
resistance to the bnAb in their latent reservoir3? %,

More recently, a combination trial utilizing 3BNC117 and 10-1074 during ART
treatment interruption found that viral rebound was delayed more than twice as long
compared to 3BBNC117 administered alone3*. In fact, in participants without preexisting
resistance, rebound only occurred when levels of 3BNC117 waned to the degree that the
treatment had become essentially 10-1074 monotherapy, from which escape eventually
occurred. This result indicates that bnAb combination therapies hold substantial promise
for treatment in the absence of ART in infected individuals, potentially as part of multi-

pronged strategies.



While bnAbs are able to effectively neutralize many viral strains and can
potentially induce long-term HIV-1 suppression in some individuals, there are obstacles
to their success. A frequent issue for bnAb therapies is pre-existing resistance in viral
variants. Numerous studies®** have shown that the existence of bnAb-resistant variants
in the plasma or latent reservoir can result in rapid selection for these escaped variants
and subsequent rebound of viremia. Given that reservoir diversity increases with time to
active infection®” %8, bnAb strategies may be best employed in individuals with low
diversity, in order to minimize the chance of encountering resistance mutations that

would mitigate the impact of treatment.

1.5 Strategies to improve antibodies for prevention and treatment of HIV-1

In this dissertation, we will be examining ways in which antibodies can be utilized
to more effectively treat and prevent HIV-1. bnAb infusion represents a promising
strategy for suppression of HIV-1 in individuals currently on ART. The primary
drawback of bnAb strategies is that the bnAb(s) of choice may not neutralize all
proviruses in the latent reservoir. While autologous antibody responses alone are
insufficient to control HIV-1 following infection, these antibodies may be able to limit
emergent viruses from the proviral reservoir during ART withdrawal, and thus work in a
synergistic manner alongside bnAbs to prevent viral rebound. For prevention of initial
infection, HIV-1 vaccines have thus far not proven capable of providing full protection.
Strategies are needed to improve HIV-1 vaccine efficacy, and studying probiotic
adjuvanation of HIV-1 vaccines presents an opportunity to study a promising candidate

for boosting anti-HIV-1 antibody responses.
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2.1 Abstract

Although antiretroviral therapy (ART) successfully suppresses HIV-1 replication,
ART-treated individuals must maintain therapy to avoid rebound from an integrated viral
reservoir. Strategies to limit or clear this reservoir are urgently needed. Individuals
infected for longer periods prior to ART appear to harbor more genetically diverse virus,
but the roles of duration of infection and viral diversity in the humoral immune response
remain to be studied. We aim to clarify a role, if any, for autologous and heterologous
antibodies in multi-pronged approaches to clearing infection. To that end, we have
characterized the breadths and potencies of antibody responses in individuals with
varying durations of infection and HIV-1 envelope (env) gene diversity as well as the
sensitivity of their inducible virus reservoir to broadly neutralizing antibodies (bnAbs).
Plasma was collected from 8 well-characterized HIV-1+ males on ART with varied
durations of active infection. HIV envs from reservoir-derived outgrowth viruses were
amplified and single genome sequenced in order to measure genetic diversity in each
participant. IgG from plasma was analyzed for binding titers against gp41 and gp120
proteins, and for neutralizing titers against a global HIV-1 reference panel as well as
autologous outgrowth viruses. The sensitivity to bnAbs of these same autologous viruses
was measured. Overall, we observed that greater env diversity was associated with higher
neutralizing titers against the global panel and also increased resistance to certain bnAbs.
Despite the presence of robust anti-HIV-1 antibody titers, we did not observe potent
neutralization against autologous viruses. In fact, 3 of 8 participants harbored viruses that

were completely resistant to the highest tested concentration of autologous IgG. That this



lack of neutralization was observed regardless of ART duration or viral diversity suggests
that the inducible reservoir harbors ‘escaped’ viruses (that co-evolved with autologous
antibody responses), rather than proviruses archived from earlier in infection. Finally, we
observed that viruses resistant to autologous neutralization remained sensitive to bnAbs,
especially CD4bs and MPER bnAbs. Overall, our data suggest that the inducible
reservoir is relatively resistant to autologous antibodies and that individuals with limited
virus variation in the env gene, such as those who start ART early in infection, are more

likely to be sensitive to bnAb treatment.

2.2 Introduction

Although effective antiretroviral therapy (ART) suppresses HIV-1 replication,
ART-treated individuals must maintain life-long therapy to avoid rebound from a
persistent viral reservoir, and may experience adverse effects. This long-lived virus
reservoir of integrated provirus poses an obstacle to curing HIV-1, and a deeper
qualitative understanding of its composition may hold clues for improving therapeutic as
well as cure strategies. Antibodies mediate effector functions such as neutralization and
opsonization that could aid in suppressing virus replication, clearing infected cells, and
boosting immune responses®. Anti-HIV-1 antibodies could therefore, be used to prevent
mother to child transmission®® or reformatted as bi-specific or tri-specific molecules*'.
The characterization of broadly neutralizing antibodies (bnAbs) capable of recognizing
genetically diverse HIV-1 Env proteins has led to robust exploration of how to effectively
use antibodies against the HIV-1 reservoir. To date, the results of clinical trials passively

infusing bnAbs as IgG1 into chronically infected participants have been modest32-36 42 43,



Infusion with a single bnAb can increase time to rebound during analytic treatment
interruption (AT1)32 33 or reduce viral load in participants not on suppressive ART3>36:42
and these effects are improved with combination therapy3* 3. The modest nature of these
effects may reflect the presence of virus strains that are either completely resistant to the
infused bnAb or insufficient antibody concentration and/or penetration. Ultimately the
data suggest that the virus becomes sufficiently resistant to replicate faster than the
available concentration of bnAb can neutralize. One clear lesson from these trials is that
bnAbs were more effective when participants were prescreened for neutralization
sensitivity, clearly indicating that further methods for overcoming bnAb resistance are
needed.

HIV-1 sexual transmission often begins with a single founder virus® *> 16 that
diversifies over the course of infection resulting in a diverse quasispecies** *°. This
genetic diversity is reflected in the integrated proviral reservoir as reviewed in*® and is a
consequence of rapid virus mutation during replication as well as selection pressure
exerted by the immune system. In particular, the autologous antibody response exerts
pressure on the HIV-1 env gene*’-C. Therefore, there is a circular relationship after virus
transmission that starts with an antibody response that drives viral diversification, and
results in escape from the antibody response. This inherent tension between the host
immune system and virus replication is frequently called an “arms race”8, but the effects
of the arms race on efficacy of bnAb treatment during chronic infection remain unknown.
We therefore perceived a need to define the complicated relationship between genetic
diversity of env, duration of active viral infection, autologous antibody titers and

reservoir virus sensitivity to bnAbs. We hypothesized longer durations of HIV-1

10



replication before ART suppression would lead to higher autologous antibody titers and
to greater Env diversity within the reservoir, which would be associated with increased

resistance to bnAbs.

2.3 Materials and Methods
Study participants

All participants were HIV-1 infected males on ART recruited from the Maple
Leaf Medical Clinic in Toronto, Canada, through a protocol approved by the University
of Toronto Institutional Review Board. Secondary use of the samples from Toronto was
approved through the George Washington University Institutional Review Boards. All
subjects were adults and gave written informed consent. Clinical data for these
participants are described in Table 2.1. We calculated an estimated date of infection to be
midway between the last negative test and first positive test. The estimated duration of
active infection was calculated to be the months between the estimated date of infection

and the date of documented ART initiation.

QVOA

Leukapheresis was performed on ART-treated participants. Peripheral blood
mononuclear cells (PBMCs) were isolated by centrifugation with Ficoll (GE Life
Sciences). CD4 T cells were enriched from PBMCs (Stemcell Technologies). Cells were
serially diluted (2 million, 1 million, 0.5 million, 0.2 million, and 0.1 million cells/well)
and plated in 24-well plates, with 12 replicates at each concentration.

Phytohemagglutinin (PHA) and irradiated allogenic HIVV-negative PBMCs were added to

11



activate the CD4 T cells. CCR5+ MOLT-4 cells (NIH AIDS reagent program®*) were
added 24 hours later for viral replication. Media were changed every 3-4 days and ELISA
for p24 protein was performed after 14 days of culture as described in®2. In general,
supernatants were collected from p24+ wells for which fewer than 50% of dilution
replicates were positive. To increase the volume of outgrowth virus available for use,
viruses were re-grown for 6 days by infecting and proliferating in new HIV-negative

CD4+ T cells.

Single genome sequencing

SGS was performed as previously described®® with the following modifications.
Viral RNA was extracted from culture supernatants by QIAmp kit (Qiagen, Germantown
MD). cDNA was synthesized as previously described in®, and env genes were amplified
by nested PCR using the Platinum Taq High Fidelity polymerase (Invitrogen). Template
cDNA was serially diluted so that fewer than 33% of PCR replicates were positive,
ensuring that a majority of amplicons would be generated from a single cDNA template.
Well-described primers Env_outF1 (TAGAGCCCTGGAAGCATCCAGGAAG) and
Env_outR1 (TTGCTACTTGTGATTGCTCCATGT) were used for first round
amplification, and Env_inF2 (CACCTTAGGCATCTCCTATGGCAGGAAGAAG) and
Env_inR2 (GTCTCGAGATACTGCTCCCACCC) for the second round. In the case of
Subtype AG viruses from participant OM5346, customized primer Env_innR3
(GATACTGCTCCCACCCCATCTGC) was used in lieu of Env_inR2. All PCR mixes
were generated in PCR clean rooms free of post-PCR or plasmid DNA. Amplicons were

run on 1% agarose gels and sequenced by ACGT Inc. A minimum of three single-

12



template sequences were obtained from each well. Sequences that contained stop codons,

large deletions, or mixed bases were removed from further analysis.

Maximum likelihood trees

All QC’ed sequences were translation aligned by participant to generate
individual nucleic acid alignments. Due to the additive chances of mutation during
replication in the QVOA assay, cDNA synthesis, and PCR>*%, wells were considered to
contain a single virus if no sequence contained more than four amino acid mutations from
the consensus sequence for that well, and that each mutation was unique to that sequence.
These consensus sequences for all single-virus wells were translated and protein
sequences from all participants were aligned with MUSCLE to Consensus B and AG
sequences (wwwe.hiv.lanl.gov). All alignments were hand-edited and gap-stripped for
regions that could not unambiguously be aligned. All sequence analysis was performed in
the Geneious suite version (9.0.5) (http://www.geneious.com®’). Maximum likelihood
trees were generated from these alignments using RAXML-HPC BlackBox (8.2.12) run
on the Cyberinfrastructure for Phylogenetic Research (CIPRES) Science Gateway. Trees
are rooted on midpoint for visualization using MEGA version X% %, Bootstraps greater

than 90 are shown.

Average pairwise distance
Average pairwise distance was calculated using DIVEIN
(https://indra.mullins.microbiol.washington.edu/DIVEIN/diver.html). Briefly, consensus

protein sequences for viruses from each individual were aligned with MUSCLE.
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Alignments were input into DIVEIN using the HIVVb substitution model to generate

average pairwise distance for each individual.

ELISA

IgG purification from plasma was performed with the Melon Gel I1gG purification
kit (Thermo Fisher) according to the manufacturer’s instructions. ELISAs against
recombinant proteins YU2 gp120 (provided by Dr. John Mascola) and DIl gp41
(Abcam) were run as previously described®, with the following modifications. IgG was
diluted to 50pg/mL and serially diluted 5-fold to 0.0032pug/mL in B3T buffer (150 mM
NaCl, 50 mM Tris-HCI, 1 mM EDTA, 3.3% fetal bovine serum, 2% bovine albumin,
0.07% Tween 20). Briefly, 96-well ELISA plates were coated with 2 pg/ml of the
specified recombinant protein in phosphate-buffered saline (PBS) overnight at 4°C. The
following day, the plates were blocked with B3T buffer. IgGs were detected using
peroxidase-conjugated goat anti-human IgG antibody (Jackson ImmunoResearch). All
incubations were for 1 h at 37°C, and all volumes were 100 pl, except for the blocking
step, which was 200 pl. The plates were washed between incubations with 0.1% Tween
20 in PBS, detected using SureBlue TMB substrate (SeraCare, VWR), and subsequently

read at 450 nm.

Neutralization assay
Single-round neutralization assays in Tzm-bl target cells (NIH AIDS Reagent
Program®?) were performed as described previously®> ¢ €2, Briefly, neutralization activity

of isolated plasma 1gG samples were tested against both heterologous HIV-Env
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pseudotyped viruses and replication-competent autologous outgrowth viruses. 1IgG was
diluted to 50pg/mL and serially diluted 5-fold to 0.0032pg/mL in duplicate. Plasmids for
pseudovirus production were from the global panel of 12 reference env clones (NIH
AIDS Reagent Program®?) These viruses were screened from a pool of 219 viruses
covering all major subtypes and circulating recombinant forms. Twelve tier 2 viruses
were selected by the criteria of predictable neutralization by a panel of 205 seropositive
plasmas; these viruses were considered to be most representative of their respective
subtypes . Outgrowth viruses were kept in the presence of 3.5 uM Indinavir (Sigma-
Aldrich) to prevent replication. Viruses were titered on Tzm-bl target cells before use and
diluted to target 5500 relative luciferase units (RLU) for virus isolates (which were very
low volume) and 45,000 RLU for pseudovirus. Virus and antibody pairings were
incubated at 37°C for 30 min in 96-well clear flat-bottom black culture plates (Greiner
Bio-One) before Tzm-bl cells were added at a concentration of 104 per well in the
presence of DEAE-Dextran (Sigma Aldrich) diluted to 20ug/ml. After 48 hours, plates
were read by removing 100ul of media from each well, and adding 100 pl of SpectraMax
Glo Steady-Luc reporter assay reagent (Molecular Devices). Luminescence intensity was
measured using a SpectraMax i3x multimode detection platform (Molecular Devices)
per the manufacturer’s instructions. Neutralization curves were generated after
background subtraction of mean RLU of cell only wells by calculating the change in
RLUs in the presence of antibody to the mean RLU of virus-only control wells. Curves
were fit by nonlinear regression using the asymmetric five-parameter logistic equation in
Prism 9 (GraphPad). The 50% and 80% inhibitory concentrations (IC50 and 1C80) were

defined as the antibody dilutions that neutralize 50% and 80% of the virus, respectively.
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Statistics
All statistical analyses were performed in Prism 9 (GraphPad). Comparisons were

performed using Mann Whitney and correlations using non-parametric Spearman.

2.4 Results
2.4.1 Association between genetic diversity and bnAb sensitivity

To successfully contribute to curing HIV-1, bnAbs will need to both neutralize
circulating virus to prevent new infections, while also tagging infected cells displaying
viral antigen for killing by immune cells. Previously we studied the abilities of bnAbs to
recognize both cell-free HIV virions as well as matched infected cells from the inducible
reservoir of 8 individuals. From these studies, we observed both inter-and intra-individual
variation in bnAb sensitivity®?. Earlier studies have indicated that diversity within the
persistent HIV reservoir increases with duration of active infection® 374564 put it
remains unknown how this diversity could affect sensitivity to bnAb neutralization. To
study this question, we performed single genome sequencing (SGS) on the 35
quantitative virus outgrowth assay (QVOA) cultures from these 8 individuals (Table 2.1).
These 8 males represented a wide range of reservoir sizes as measured by QVOA in
infectious units per million cells (IUPM) (Table 2.1). A minimum of 3 env sequences
were generated from each of the 3-5 QVOA supernatants. Outgrowth wells were
considered to contain a single virus if all amplified sequences were within 4 amino acids
of the consensus and all mutations from consensus were unique (i.e., not fixed in multiple

sequences). We chose this definition to allow for mutations that may have been caused
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during viral outgrowth, reverse transcription, or PCR amplification®°¢, The majority
(77%) of QVOA wells contained only a single virus by this criterion, and wells
containing multiple viruses were excluded from further analyses (Figure 2.6). We
performed these analyses to ensure we only studied wells containing a single virus, so
that we could pair our functional data to our genetic data and be confident that the
sequence studied was indeed the one being tested in vitro. In particular, QVOA
outgrowths for OM5148 contained multiple viruses in 4 out of the 5 wells, leading to
only one well that passed our criteria for further phenotypic and phylogenetic studies. For
all wells containing a single virus, consensus sequences were generated and aligned to
produce a maximum-likelihood tree of all Env proteins (Fig. 2.1A). This sequencing
revealed that OM5346 was co-infected with both subtype B and AG viruses, introducing
a secondary source of diversity beyond viral evolution.

We next quantified genetic diversity for each individual by calculating average
pairwise distance (APD) between the consensus protein sequences of their QVOA wells.
OM5148 and OM5346 were excluded from this analysis for either having only one
sequence or multiple subtypes respectively; therefore, we could only calculate APD for 6
of 8 participants (Fig 2.1B). APDs varied among individuals, ranging from 0% to 8.26%,
but appeared to group into “high” diversity with APDs greater than 6% (CIRC0196 and
OM5162) or “low” diversity with APDs less than 2% (OM5334, OM5267, OMS5001 and
OMb5365). We hypothesized that diversity was linked to duration of actively replicating
virus before ART suppression. For 5 individuals there were clinical records documenting
an HIV-1 negative test date. We calculated an estimated date of infection to be midway

between the last negative test and first positive test. We then estimated the duration of
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active infection to be the months between the estimated date of infection and the date of
documented ART initiation. Of these 5 individuals, 3 had calculated APDs because of
lack of sequences or multiple subtypes. The 2 individuals with an estimated length of
infection of less than a year were in the low diversity group, and the person with an
estimated length of greater than six years was in the high diversity group (Fig. 2.1B).
These observations are consistent with previous literature demonstrating that length of
infection correlates with increased genetic diversity® 374564,

To investigate the relationship between genetic diversity and bnAb sensitivity, we
re-analyzed data on the neutralization sensitivity of these QVOA outgrowths to 10
bnAbs®2. We could now exclude wells that contained multiple viruses because of our new
sequencing analyses. To quantify the bnAb sensitivity of each individuals’ reservoir, the
geometric mean 1C50 for all outgrowth viruses against bnAbs was calculated (Table 2.2).
When graphed by APD, the geometric mean IC50s of high diversity individuals’ viruses
were not significantly different from the low group when tested against CD4bs bnAbs
(Fig. 2.2A) or 10E8v4-V5F-100cF (Fig. 2.2B). There are significant differences between
these groups, however, for bnAbs targeting VV2-apex (Fig. 2.2C) and V3-glycan (Fig.
2.2D) epitopes. High diversity people exhibited more resistance to these bnAbs, although
it is important to note that OM5267 has very low diversity and is completely resistant to

the anti-V2-apex bnAbs.

2.4.2 Association between genetic diversity and autologous antibody

Recent papers have highlighted the role of autologous antibodies in restricting virus
from rebounding in vivo after ATI®® % To study the titers of autologous antibodies in

each individual, we first isolated 1gG from plasma because circulating ART can confound
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anti-viral antibody assays. We next measured binding titers against subtype B HIV-1
gpl120 (Fig. 2.3A) and gp41 proteins (Fig. 2.3B). All participants exhibited similar gp41
binding curves with slightly more variation in binding to gp120. Titers were quantified by
calculating EC50 values, and there was no apparent difference between people with high
or low env diversity (Figs. 2.3C and 2.3D). There was also no correlation between gp120
(Fig. 2.3E) or gp41 (Fig. 2.3F) titers and duration of ART in our study samples.

Once it was established that all individuals had robust antibody titers despite years
of ART suppression (ranging between 3 to 25), we next tested their abilities to neutralize
virus on a well-established global reference panel of HIV-1 pseudoviruses®®. On average,
our study participants neutralized 65.6% of these viruses, but this neutralization was
typically not potent, with a geometric mean IC50 of 25.5ug/mL for neutralized viruses
(Table 2.2). These neutralization patterns are consistent with antibody responses during
chronic infection®® ¢7-68 We assigned an overall titer on the global panel for each person
by calculating a geometric mean IC50 for all viruses, designating resistant viruses “50”.
We observed an apparent trend toward increased breadth and potency (lower geometric
mean IC50) associated with increased env diversity (r = -0.77; Fig. 2.4A), but no
detectable trend between this overall IC50 and duration of ART (r = -0.27; Fig. 2.4B).

To assess if these 1gGs were effective against autologous viruses, we performed
neutralization assays against the same QVOA outgrowth cultures we had sequenced.
Importantly, these polyclonal 1gGs were derived from the plasma samples matched to the
leukapheresis cells used in the QVOA. Therefore, these were the antibodies circulating at
the time point from which the reservoir viruses were isolated. Interestingly, across 22

pairings of virus and autologous 1gG, we observed no instances of potent neutralization,
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suggesting that these viruses were mostly escaped from circulating antibodies (Fig.

2.5A).

2.4.3 Combination of autologous and heterologous antibody sensitivity

Recent studies have demonstrated that autologous neutralization can restrict which
viruses rebound after ATI% %, Therefore, viruses that have not completely escaped the
autologous antibody response can be neutralized by these antibodies, and bnAb therapy
would need to particularly target autologous-resistant virus. One of these studies
demonstrated that autologous neutralization with an IC50 less than 35 pg/ml was
sufficient to block outgrowth in the QVOAZ®®, We therefore, re-analyzed our data using
this suggested cutoff for autologous resistance. We measured sensitivity to bnAbs
targeting the CD4bs (Fig. 2.5B), VV2-apex (Fig. 2.5C), MPER (Fig. 2.5D) or V3-glycan
(Fig. 2.5E) by both autologous-resistant or sensitive viruses. Interestingly although there
was no difference in sensitivity to bnAbs targeting the variable
loop epitopes such as V3-glycan or VV2-apex, viruses resistant to autologous
neutralization were more sensitive to CD4bs antibodies (p = 0.011) and MPER-targeting

antibody10E8-v4-V5R-100cF (p = 0.0002).

2.5 Discussion

Genetic diversity in the HIV-1 reservoir poses challenges for long-term
supplemental therapies to current ART and cure strategies. To gain insight into how this
diversity might be overcome to improve antibody efficacy, we first explored the role of
ART suppression in decreasing the overall diversity of the viral quasispecies. We found

that 2 individuals with an estimated duration of active viral replication before ART
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suppression of less than a year had ‘low’ diversity whereas an individual with an
estimated duration of infection of greater than six years had ‘high’ diversity. Our limited
sample size precluded correlation analysis but is consistent with earlier studies®® 3745 64,
We extended these findings to assess how Env diversity related to bnAb neutralization.
Overall, geometric mean 1C50s to CD4bs or MPER bnAbs were not significantly
different between individuals with high or low Env diversity, but those with high
diversity were more likely to be resistant to V2-apex and V3-glycan bnAbs. Interestingly,
these are two epitopes highly affected by glycosylation, and in fact glycans comprise part
of the epitope for some of these antibodies. Therefore, it seems plausible that longer
duration of infection might affect glycans associated with bnAb neutralization®® ®°. These
data suggest that individuals with shorter active infections, and by extension less
reservoir diversity, may be more effectively treated with bnAbs. However, OM5267 did
not follow this trend, and was completely resistant to V2 antibodies despite very low Env
diversity. This observation highlights that even people who started ART early may harbor
bnAb resistant viruses, but it may be easier to pre-screen for this resistance before
enrolling in a clinical trial as there is less likelihood of a minor resistant variant existing.
The role of autologous antibody responses is another area of interest when
considering cure strategies. During the course of infection, antibodies generated against
HIV-1 are insufficient to prevent the spread of the virus, but can typically neutralize
viruses from earlier timepoints in the infection®® 2% 4748 Similarly, these antibodies are
inadequate to prevent rebound during an interruption of ART suppression; however,
autologous antibodies likely play a selective role in restricting which viruses rebound

from latently infected cells®® ¢, It also remains incompletely understood how stable
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antibody responses remain during ART. It is known that individuals who are suppressed
early after HIV-1 infection have low antibody titers’®, and it has been observed that titers
wane over time during durable ART suppression, but not dramatically’. We therefore
hypothesized that longer ART suppression would correlate with lower antibody titers. In
testing isolated 1gG for the ability to bind and neutralize heterologous virus, we observed
detectable binding titers and ‘average’ neutralization, suggesting that autologous
antibodies are both present and functional irrespective of length of ART treatment — even
up to 25 years. It is important to note that our samples are cross-sectional, and without
longitudinal time points, we cannot directly address this question of durability. We did
observe a trend for individuals with greater reservoir diversity and longer durations of
infection to have increased breadth and potency against a global HIV-1 reference panel.
This trend was not statistically significant, likely because of our small sample size, but is
consistent with studies of breadth development during chronic infection?">.

After establishing that HIV-1 specific antibodies were still detectable and
circulating, we examined their efficacy against the participants’ own inducible reservoir
viruses. We observed no instances of potent neutralization, and indeed, many viruses
were completely resistant to autologous 1gG at the highest concentration tested (50
pg/mL). It is important to note that these viruses were not cloned, and are T-cell derived,
which can result in increased resistance to antibody neutralization, likely due to the
number of HIV trimers expressed on the virion as well as glycosylation patterns’®-"°. Our
data are consistent with other reported autologous neutralizing antibody titers from
chronically suppressed individuals®® and suggest that the viruses have mainly evolved

away from the circulating antibodies and are already escaped or nearly-escaped. These
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data are consistent with descriptions of autologous neutralization during active chronic
infection'® 204748 ‘and therefore, also consistent with reports that the majority of the
reservoir is established at the time of ART initiation®. If the inducible reservoir did
harbor archival variants from earlier infection timepoints, we would expect to see more
potent autologous neutralization. Because we were not able to deeply sample the
reservoir, we cannot exclude the possibility that rare, sensitive variants also exist. Finally,
we investigated the potential cooperation between autologous antibodies and bnAbs by
measuring bnAb sensitivity of autologous-resistant viruses. If autologous antibodies can
restrict some proportion of viruses from rebounding from the integrated reservoir, then
potentially bnAb therapy could focus on autologous-resistant viruses. Because of our
small sample size, we observed only 5 outgrowth viruses that were neutralized by
autologous antibodies, 3 of which were from a single individual. Nevertheless, these
viruses were more resistant to CD4bs antibodies and MPER-targeting antibody 10E8v4-
V5F-100cF. It would be of interest to examine if CD4bs and MPER bnAbs would in fact
better restrict autologous-resistant viruses.

In conclusion, our study finds that antibody titers and functionality during ART
suppression are quite similar to those described during chronic infection. We found that
the inducible reservoir from these 8 individuals studied was fairly refractory to
autologous neutralization. This observation is consistent with the reservoir being
comprised of viruses that had co-evolved with these antibodies and therefore, were
mostly escaped. We also observed a trend toward individuals with shorter active
infections, and by extension less reservoir diversity, harboring reservoir viruses more

sensitive to bnAbs. These data suggest that individuals able to suppress virus replication
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with ART early in infection may be more effectively treated with bnAbs, and that
particular care should be taken when screening for bnAb resistant variants in individuals

who were infected for longer periods of time before starting ART.
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Estimated duration of Duration

Participant Viral Load CD4 Count HIV . . VOA
le Age  Sex  opies/ml) (cellsmm®) YT™  Subtype ““"“Pl’('::f:fh;')'fe"“"“ ';; :allg ?vells @

OMS5334 33 Male NA 812 1.57 B 3 3 5
OM5267 29 Male NA 429 2.34 B 10.5 3 4
OMS5346 48  Male NA 1182 027 B,AG 255 5 4
OMS5148 47 Male NA 733 1.02 B 69 10 5
CIRC0196 56 Male NA 679 0.49 B 81.5 3 5
OM5162 53 Male NA 478 0.65 B >3 14 5
OM5001 43 Male 42 540 10.46 B >14 9 4
OMS5365 56 Male NA 624 0.42 B >18 25 3

Table 2.1 Clinical characteristics of study cohort

IC50 (ug/mi) Subtype B Subtype C Subtype A Subtype BC Subtype AE Subtype G

Tier 2 2 1Bor2 2 2 2 2 2 2 2o0r3 2 2

AbSample TRO11 X2278 25710 CEO217 CE1176 398F1 246F3  BJOX2000 CH119 CNEB CNES5 X1632 SlVpuz2 GeoMeanof  Percent of viruses GeoMean of

Neutralized Virus neutralized all viruses

375 a7 444
293 75.0 335
256 58.3 338
217 58.3 30.7
169 75.0 221
245 833 276
248 75.0 25
3.7 58.3 324

Table 2.2 1Csos of 1gG on a 12-virus panel
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Table 2.4 1Cgos of QVOA outgrowth viruses to bnAbs.
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(A) ® Consensus B

®O0M5334
©®0M5267
©OO0M5346
@®0M5148
@®CIRC0196
@®0M5162
©O0M5001
©0M5365

® Consensus AG

= 100 L OQ
94 -O
|
0.050
(B) Time to ART

Participant (morths) APD
OM5334 3 0.28%
OM5267 10.5 0.37%
OM5346 25.5 N.D.
OM5148 69 N.D.
CIRC0196 81.5 6.64%
OM5162 >3 8.26%
OM5001 >14 1.59%
OM5365 >18 0.00%

Figure 2.1 Genetic diversity of participant reservoir virus increases with active
infection length.

(A) A minimum of 3 SGS sequences were used to generate consensus sequences for each
QVOA well. The protein sequence of each well was aligned to consensus subtype B and
AG and a maximum likelihood tree was generated. Wells containing multiple viruses
were excluded. Each dot represents one QVOA outgrowth virus well and is color-coded
by participant. The tree is midpoint rooted for visualization and bootstraps over 90% are
shown. (B) For all participants a minimum duration of infection was calculated using the
date of diagnosis and date of ART initiation. For individuals for whom an HIV- date was
confirmed, an estimated length of infection was calculated using an estimated date of
infection as the midpoint between confirmed HIV- and HIV+ time points. For each
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person, these estimated times of active infection are listed next to the average pairwise
distance (APD) of Env for their inducible reservoir viruses.
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Figure 2.2 Association between reservoir diversity and bnAb resistance.

Each virus was tested for neutralization sensitivity against a panel of 10 HIV-1 bnAbs.
The geometric IC50 of each individuals’ virus-bnAb pairing was calculated by bnAb
epitope: (A) CD4bs antibodies include VRCO01, VRC07-523, 3BBNC117, and N6, (B)
MPER antibody 10E8v4-V5F-100cF (because there is only one bnAb, IC50 is plotted),
(C) V2-apex antibodies PGDM1400, CAP256.VRC26.25, and PG09, and (D) V3-glycan
targeting antibodies PGT121 and 10-1074. Geometric mean IC50s for each virus are
color-coded by individual and grouped by high (>6%APD) or low (<2% APD) Env
diversity. Comparisons were performed by Mann-Whitney. * signifies p < 0.05. ***
signifies p < 0.001. ns signifies p > 0.05.
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Figure 2.3 All participants exhibit detectable anti-HIV antibodies.

IgG binding for each person was assessed by indirect ELISA against (A) YU2 gp120 and
(B) DIII gp41. EC50s for each participant against gp120 (C) and gp41 (D) were graphed
by high (>6%APD) and low (<2% APD) Env diversity. EC50s for gp120 (E) and gp41
(F) were graphed against duration of ART. Comparisons were performed by Mann-
Whitney and correlations by nonparametric Spearman.
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Figure 2.4 Duration of infection and reservoir diversity are associated with
neutralization of global HIV-1 viruses.

Geometric mean 1C50 of 1gGs against a global HIV-1 reference panel were calculated for
each individual and graphed against (A) Env diversity and (B) duration of ART.
Correlations were calculated by nonparametric Spearman.
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Figure 2.5 Sensitivity of the inducible reservoir to autologous 1gG and to bnAbs

targeting multiple epitop

€s.

(A) IC50 values for each individual’s IgG against autologous QVOA-derived viruses.
Viruses resistant at 50ug/mL of IgG were denoted with “>50". (B—E) Geometric mean
IC50s of bnAbs were calculated for viruses resistant to autologous neutralization (IC50
>35ug/mL) and those that were sensitive. IC50s were graphed by epitope targeted: (B)
CD4bs antibodies include VRCO01, VRC07-523, 3BNC117, and N6, (C) V2-apex
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antibodies include PGDM1400, CAP256.VRC26.25, and PG09, (D) MPER antibody
10E8v4-V5F-100cF, and (E) V3-glycan antibodies include PGT121 and 10-1074.
Geometric mean IC50s are color-coded by individual, and the limit of detection
(50png/ml) is indicated with a dotted line. * signifies p < 0.05. *** signifies p < 0.001. ns
signifies p > 0.05.
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Figure 2.6 Maximum likelihood trees of SGS sequences from all participants
Maximum likelihood trees were produced from all SGS sequences from participants with
(A) low diversity and (B) high diversity. Each shape represents a different QVOA well
and each point represents a single sequence obtained from that well. QVOA wells with an
asterisk denote wells that were deemed to contain multiple viruses.
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Chapter 3: Adjuvanation of HIV/SIV vaccination with oral probiotics for

enhancement of humoral responses

This work is from a prepared manuscript to be submitted to the journal AIDS Research

and Human Retroviruses.

3.1 Abstract

The induction of robust circulating antibody titers is a key goal in HIV-1
vaccination studies. The microbiome is known to impact overall immunity, and in
particular, gut microbiota have been demonstrated to affect antibody responses to
vaccination®!, Probiotic supplementation is an established strategy to enhance microbiota
and can boost antibody responses to vaccines such as rotavirus and poliovirus®? 8, Thus,
probiotics may provide promise for boosting HIV-1 vaccine responses. A recent study
tested whether probiotic therapy could enhance SIV/HIV vaccine specific mucosal
immunity and found that although probiotics modulated immune responses, no
significant differences were observed nor protection from intrarectal challenge with the
heterologous clade C SHIV.CH505. Here we analyzed humoral responses in this study
both after vaccination as well as after infection. Circulating 1gG and IgA titers were
measured against gp41 and gp120 in animals treated with continuous oral probiotics
along with SIV/HIV DNA/protein vaccine, as well as vaccine or probiotic treatment
alone control groups. Additionally, titers against the probiotics themselves and a panel of
five additional commensal bacteria strains were measured throughout the study, in order

to analyze the effect of the probiotics on immune homeostasis with the microbiome.
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While we observed no change in antibody titers against commensal flora or the probiotics
at any time, we did observe slight reductions in anti-HIV-1 titers in animals that received
probiotic + vaccine treatment that were exacerbated after SHIV infection. Interestingly, it
appears that rather than serving an adjuvanating role in this model, probiotic treatments

appeared to have a dampening effect on vaccine-induced antibody titers.

3.2 Introduction

To date, the only HIV vaccine clinical trial to demonstrate any efficacy (RV144)
found decreased rates of infection to be correlated with high VV1V2-targeting I1gG and low
Env-specific IgA?%. The recent Antibody Mediated Prevention (AMP) study further
defined the protective role that antibodies can play against HIV-1 infection by
demonstrating the ability of infused broadly neutralizing antibody VRCOL1 to protect
against neutralization sensitive strains®. Therefore, strategies to boost mucosal humoral
responses to vaccines will be important to incorporate in future HIV-1 vaccination
strategies. Probiotic supplementation is an established strategy to enhance microbiota and
can boost antibody responses to vaccines such as rotavirus and poliovirus?? 238283,
specifically by increasing circulating antibody titers against the virus. Given that HIV-1
uses the gut as a major site of early replication?*, adjuvants that improve vaccine
responses to enteric viruses such as rotavirus may boost responses to HIV-1 as well. In
Rhesus macaques (RMs), treatment with VVSL3 oral probiotics increased numbers of
lymph node T follicular helper (LN Tfh) cells as well as IgA-expressing B cells in the
gut?, suggesting that probiotic treatment could enhance HIV-specific antibody responses

to vaccination in a RM model. Given that oral probiotic treatments can alter the antigens
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available in the gut as well as the composition of the microbiome?, it is further possible
that probiotic treatment could impact homeostatic levels of circulating anti-commensal
antibodies or the probiotics themselves. Finally, as translocation of bacteria into the
plasma is known to occur during both HIV-1 infection in humans® and SHIV infection in
RMs®® the impact of this microbial translocation on anti-commensal immunity remains
unknown.

The ability of probiotics treatment to enhance immune responses to an HIV
vaccine was recently studied in RMs. Macaques were treated continuously with oral
VSL3 probiotics in conjunction with a subtype C HIV-SIV DNA/protein vaccine regimen
before being rectally challenged with heterologous subtype C SHIV.CH505%". During
probiotic treatment, reduction in secretion of some pro-inflammatory cytokines was
observed, but these changes were typically transient, and often reverted after treatment
stopped. The probiotic treatment in this study did not expand IgA+ B cells in mucosal
tissue nor were the vaccine-specific antibody titers enhanced. Here we expanded these
analyses to measure differences in both circulating IgG and IgA in all groups both after
vaccination but also infection. We further quantified circulating anti-commensal antibody

titers during probiotic treatment, vaccination and infection.

3.3 Materials and Methods
Study timeline

As described in®’, healthy rhesus macaques were divided into four groups:
vaccine alone, probiotics + vaccine, probiotics alone, and control, with 10 animals per

group. All animals had plasma samples taken at Week -7 of the study, prior to any
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treatments. Groups receiving probiotics were administered six capsules of oral Visbhiome
VSL3 (~112.5 billion bacteria/capsule) daily from Week -5 to Week 26 of the study.
VSL3 is comprised of eight live bacterial strains in equal measure: Lactobacillus
acidophilus, Lactobacillus plantarum, Lactobacillus casei, Lactobacillus bulgaricus,
Bifidobacterium breve, Bifidobacterium longum, Bifidobacterium infantis, and
Streptococcus thermophilus®. Groups receiving the vaccine were administered a regimen
of a subtype C SIV/HIV DNA vaccine alongside HIV gp140 protein trimer. VVaccine was
administered in four doses at Weeks 0, 4, 12, and 20, and plasma samples were taken
from all groups at Week 6 and Week 22, to provide sampling when the vaccine regimen
was half completed and fully completed (Figure 3.1).

Beginning at Week 32, animals were intrarectally challenged once weekly with
SHIV.CH505 at 6.8x10* IU in RPMI 1650 medium. Challenges continued until an animal
tested positive for SHIV infection by RT-PCR, which was between 5-10 weeks for all
animals. A fourth group of control animals (n = 10) which had received neither probiotics
nor vaccine was also challenged with SHIV alongside the other three groups. This control
group had plasma taken 5 weeks prior to SHIV challenge, to establish a baseline. Plasma
samples from all groups were then taken 2 weeks post SHIV infection, 8 weeks post-
SHIV infection, and at necropsy, an average of 16 weeks post SHIV infection (Figure

3.1).

Vaccine delivery

Vaccine delivery is described in®’. Briefly, the DNA vaccine consisted of SIV gag

(p55) and HIV env (gp160) plasmids, co-formulated with a plasmid expressing the
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bacterial toxin heat-labile enterotoxin (LT) at a 1:10 ratio, to increase mucosal and
systemic immunogenicity. Plasmids were precipitated onto separate gold particles and
delivered via the PowderJect® XR1 gene delivery device (PowderJect Vaccines, Inc.,
Middleton, WI), with 16 pg of the DNA vaccine delivered into eight skin targets over the
inguinal lymph nodes, with the right and left inner thighs each receiving four
inoculations. Skin sites were clipped of fur and swabbed with alcohol prior to PMED
administration. Concurrently, animals were immunized with CAP257 54wpi_D trimeric
gp140 protein. This uncleaved protein trimer is identical to the gp160 expressing DNA
used in the DNA vaccine and is 75% identical to the Env in the SHIV challenge stock at

the amino acid level.

ELISA

ELISAs against recombinant proteins YU2 gp120 (provided by Dr. John
Mascola) and DIl gp41 (Abcam) were run as previously described®® with the following
modifications. Plasma was diluted to Spg/mL and serially diluted 5-fold to 0.0032pg/mL
in B3T buffer (150 mM NaCl, 50 mM Tris-HCI, 1 mM EDTA, 3.3% fetal bovine serum,
2% bovine albumin, 0.07% Tween 20). Briefly, 96-well ELISA plates were coated with 2
ug/ml of the specified recombinant protein in phosphate-buffered saline (PBS) overnight
at 4°C. For assays against whole bacteria, target cells were coated at the following
concentrations, also in PBS: 1x1078/mL for VSL3, L. rhamnosus, L. plantarum, and A.
junii; 5x1077/mL for E. coli; and 3x10"8/mL for B. cereus. The following day, the plates
were blocked with B3T buffer. IgGs were detected using peroxidase-conjugated goat

anti-human 1gG or IgA antibody as appropriate (Jackson ImmunoResearch). All
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incubations were for 1 h at 37°C, and all volumes were 100 ul, except for the blocking
step, which was 200 pl. The plates were washed between incubations with 0.1% Tween

20 in PBS, detected using SureBlue TMB substrate (SeraCare, VWR), and subsequently

read at 450 nm.

Statistics

Area under the curve was calculated for each animal at each time point based on
ELISA curves. Differences between groups were analyzed using a linear mixed effects
model, encompassing the three pre-SHIV time points (Figs 3.1, 3.3), or the last pre-SHIV
time point and the three post-SHIV time points (Figs 3.2, 3.4). The vaccine only group
was set as the baseline and p values were calculated to express the difference between the

vaccine only group and each other group.

3.4 Results
3.4.1 Impact of probiotic adjuvants on circulating anti-HIV-1 titers

For this study, we analyzed plasma from a previously published probiotic
treatment + HIV/SIV vaccine challenge study®’. RMs were treated with daily oral
Visbiome (VSL3) probiotics and immunized with an HIV/SIV DNA vaccine plus HIV
gp160 protein, followed by 3 booster shots at weeks 4, 12 and 20. Additionally, vaccine-
alone, probiotics alone or no treatment control groups were included. This study did not
detect differences in titers to the gp160 vaccine protein in the presence or absence of
probiotic treatment. Our first question was to ask whether there were differences between

treatment groups specifically to gp120 protein or gp41 protein or in isotypes. Plasma was
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analyzed at Week -7, before any treatment was initiated, at Week 6 (after 2 vaccine
doses) and at Week 22 (after all 4 doses) by indirect ELISA against heterologous subtype
B gp41 and gp120 recombinant proteins to assess binding titers for IgG and IgA isotypes.
As expected, we observed no binding against gp120 at Week -7, and low binding against
gp41 at this timepoint due to background cross-reactivity. By Week 6, the vaccine alone
and probiotic + vaccine groups exhibited robust 1gG titers and moderate IgA titers against
both proteins, and at Week 22, titers increased further (Fig 3.1A-B). There were not
statistically significant differences between the treatment groups, but the vaccine alone
group did trend higher against both proteins and in both isotypes (Fig. 3.1C), consistent
with the data from the original study®’. This indicates that within this model, probiotic
treatments are not increasing HIV-specific antibody titer.

We next wanted to determine whether this pattern held true during actively
replicating SHIV infection. In order to compare IgA and IgG titers against HIV-1 during
heterologous SHIV infection, we used plasma from timepoints 2 weeks post-infection, 8
weeks post-infection, and at animal necropsy. We observed that titers immediately
following SHIV infection at week 2 post-SHIV were substantially lower in the probiotic
+ vaccine group compared to the vaccine alone group (Fig 2A-B). This difference was
apparent against both proteins, and for both isotypes, but was most pronounced for IgA
against gp41, particularly early in SHIV infection (Fig 3.2B). As SHIV infection
progressed, these differences tended to become less pronounced, but during the course of
SHIV infection IgA titers against both gp41 and gp120 were statistically significantly
lower in the probiotics + vaccine group as compared to the vaccine alone group (p =

0.003 and p = 0.030, respectively) (Fig 3.2.C). Additionally, IgG titers were lower in the
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probiotic + vaccine group for both gp41 and gp120, but these differences were not
statistically significant (p = 0.055 and p = 0.128, respectively) (Fig 3.2C). At the two
weeks post-infection timepoint, anti-gp120 responses were absent in the probiotics alone
and control groups, neither of which had been vaccinated. However, 1gG responses were
present against gp41 in both groups, with a high level of inter-animal variability. By
week 8 post-infection, anti-gp41 responses in these groups were nearly as high as those in
vaccinated animals, and anti-gp120 responses appeared at low levels. By necropsy, gp41
titers in the probiotics alone group were similar to those in vaccinated animals, though
gp120 was still much lower, suggesting slower class-switched antibody responses to
gp120 compared to gp4l (Fig 3.2A-B). There appeared to be no difference in antibody
titers between animals receiving probiotics alone and the control animals, suggesting that
probiotic treatments alone do not impact anti-HIV-1 antibody titers during SHIV
infection (Fig 3.2C). However, probiotic treatments were ceased prior to infection, which

may have reduced the impact that these treatments had on titers during infection.

3.4.2 Anti-commensal antibody titers during treatment and infection

Homeostatic immunity in the gut compartment is an important component of gut
and overall health. Given the ability of oral probiotics to modulate the gut microbiome,
both in terms of the microorganisms and metabolic products present, we wanted to
determine what impact these treatments had on antibody responses against common
commensal flora from the Firmicutes and Proteobacteria phyla®” and against the
probiotics themselves. In order to do so, we measured binding titers against the VVSL3

probiotic being given to the macaques, as well as against gram-positive bacteria
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Lactobacillus rhamnosus, Lactobacillus plantarum, and Bacillus cereus, and gram-
negative bacteria Escherichia coli and Acinetobacter junii. We observed no changes in
circulating 1gG or IgA titers against any bacteria strain during this period (Fig 3.3).
Indeed, titers against the VSL3 probiotics themselves remained remarkably steady from
Week -7, despite the treatments introducing daily oral VSL3 following this timepoint. It
is possible that this lack of observed change is due to poor colonization, or due to robust
pre-existing antibody responses against the bacteria included in the VSL3 makeup.
During HIV-1 and SHIV infection, the mucosal epithelium becomes disrupted,
leading to microbial translocation® &, We theorized that in this context, we might
observe changes in circulating antibody levels against commensal flora as bacteria-
derived antigens became more readily available in the context of increased systemic
inflammation. In order to assess this hypothesis, we extended our analysis of circulating
IgG and IgA titers against our panel of 5 bacteria and the VSL3 probiotics to samples
from time points during SHIV infection. We observed no differences in titers against any
target for either 1gG or IgA over the course of SHIV infection (Fig 3.4). Titers were
relatively stable, suggesting that SHIV infection did not meaningfully change anti-

commensal antibody activity in the circulating plasma.

3.5 Discussion

The overall goal of this study was to determine the effects of oral probiotic
treatments on circulating anti-HIV-1 antibody responses to vaccination and to SHIV
infection, as well as circulating antibody titers against commensal flora and the probiotic

treatments. Oral probiotics have been shown to improve vaccine responses against
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rotavirus®® 2, specifically by increasing antibody titers against the virus in gnotobiotic
pigs. While rotavirus is not closely related to HIV-1, it is a virus that replicates in the gut
much like HIV-1, suggesting that gut-focused approaches may translate to an HIV-1
model despite the different target cell types for these viruses. Using VSL3 probiotics in
healthy macaques, the Klatt lab has observed increased numbers of IgA+ B cells in the
gut and Tfh cells in lymph nodes?. This could provide a mechanism by which probiotic
treatments could increase antibody titers, as IgA+ B cells secrete most of the antibodies
in the gut lumen and Tfh cells are instrumental in T cell help of B cells in the lymph
nodes. For these reasons, we hypothesized that probiotics could have an adjuvanating role
for HIV-1 vaccination. However, given that probiotics can also decrease immune
activation in the gut®®! it is possible that probiotic treatments could reduce APC activity
and by extension antibody titers.

We observed that probiotic treatments not only did not enhance anti-HIV-1
antibody responses during vaccination (Fig 3.1), but appeared to slightly decrease titers,
though not statistically significantly. Interestingly this trend was exacerbated after
infection with SHIV-CH505. We observed statistically significantly lower levels of IgA
in the probiotic + vaccine group against both gp41 and gp120 proteins when compared to
the vaccine alone group (Fig 3.2). as well as lower titers of anti-gp41 IgG (p = 0.055).
Thus, probiotic treatment appeared to dampen the humoral immune response to infection,
particularly for circulating IgA. During probiotic treatment, Klatt et al. observed some
transient decreases in pro-inflammatory cytokines in probiotic-treated groups®’, though
these differences tended to revert to baseline after therapy concluded. While cytokines

were not measured during infection, lower secretion of pro-inflammatory cytokines such
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as TNF-a, IL-17, and IFN-y in the probiotic + vaccine group could have had a
dampening effect on humoral responses compared to the vaccine alone group. Given that
probiotic treatments have been associated with T regulatory cell activation?® %2 and
decreased secretion of these pro-inflammatory cytokines®’, benefits from increased LN
Tth cells and IgA+ B cells may have been outweighed by reduced immune activation and
antigen presentation during vaccination. That greater differences were observed in IgA
titers compared to 1gG suggests that differences in secretion may be mediated at the
mucosal surface, where IgA is prevalent, compared to the plasma, where 1gG is
prevalent. A limitation to our study is that we did not analyze mucosal samples. Notably,
differences in titer were only observed between the probiotic + vaccine group and the
vaccine alone group, and not between the probiotic alone and control groups. This
suggests that probiotic treatment alone is not sufficient to reduce humoral responses.
Rather, the pre-existing trend toward lower titers observed during vaccination was
exacerbated in the context of infection.

Though we introduced probiotic treatments with the goal of increasing antibody
responses to vaccination, it is important to consider off-target immunological effects
these treatments may induce. Given that probiotic administration was changing the pool
of available antigens in the gut, we expected to see an increased response against VSL3
over the course of treatment from B cells targeting the bacteria that made up the probiotic
formulation. This expected increase may have come at the cost of altered homeostasis
with pre-existing flora, as VSL3 antigens became dominant in the gut. However, we
observed no difference in circulating titers against any target bacterial strain in any

treatment group. Anti-VSL3 titers were high before the initiation of probiotic treatments
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(Fig 3.3), so it is possible that pre-existing or cross-reactive responses were already too
robust to be impacted by the presence of additional antigens. Furthermore, poor
colonization from VSL3 may be responsible for the lack of change in VVSL3 titers during
treatment, as the taxonomic makeup of the microbiome was not significantly altered®’.
Alternatively, because VSL3-targeted responses were already present in plasma at week -
7, the immune system may have been tolerant of the VSL3 bacteria and thus did not
generate additional antibodies against the introduced probiotics.

Microbial translocation is known to occur during SHIV infection, allowing
systematic infiltration of bacterial antigens into the bloodstream and causing
inflammation. Given that all animals became infected with SHIV, we had the opportunity
to study changes in circulating anti-commensal antibody titers during actively replicating
infection. We expected that microbial translocation would result in increased antibody
titers against common commensal flora and possibly resident VVSL3, as antigens derived
from these bacteria became available in circulation in a pro-inflammatory environment.
However, we did not observe any changes in titers against any bacteria or VSL3 during
SHIV infection. Microbial translocation is known to occur during SHIV infection® %
(though translocation was not assayed in this study), but it did not appear to change titers
against the bacterial targets tested, although several bacterial phyla found in macaques
were not tested.

There are several important caveats to consider in this study. Given that VSL3
failed to effectively colonize®”, lack of observable changes from probiotic treatments may
be the result of rapid loss of VSL3 bacteria. We also only examined antibodies in the

plasma compartment and did not analyze antibodies within the gut itself. It is possible
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that changes occurring within the gut compartment did not manifest in the plasma and
were not captured in our study. Finally, we were only able to examine reactivity against
five commensal bacteria strains, in addition to the VSL3 probiotics. Changes in anti-
commensal activity could have occurred in other bacterial strains such as

Epsilonbacteraeota which were not covered by our limited panel.

3.6 Conclusions

Probiotic treatments did not appear to alter circulating antibody titers against
commensal flora, either before or after SHIV infection. While we hypothesized that these
treatments would increase anti-HIV-1 titers in the context of vaccination, this did not
appear to be the case. Indeed, during breakthrough SHIV infection animals which
previously received probiotics alongside the vaccine exhibited significantly lower
circulating IgA titers against HIV-1 Env proteins. This suggests that while probiotics do
not appear to alter anti-commensal antibody responses, they also do not effectively boost
vaccine-induced antibodies and may even dampen the humoral response against HIV-1

during SHIV infection.
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Figure 3.2 Association between probiotic treatments and vaccine-induced antibody
titers. Plasma from all study groups was tested via indirect ELISA for 1gG and IgA
binding against (A) Subtype B YU2 gp120 and (B) DIII gp41. (C) Area under the curve
was calculated for each animal at each time point, and averages for each group are
displayed longitudinally across the three time points. Statistical significance was
determined by using a linear mixed effects model with the vaccine-only group set as
baseline. All error bars represent SEM. n.s signifies not significant. **** signifies p
<0.0001. In (C), p values between vaccine group and probiotic group were < 0.0001 for
IgG and IgA in both gp120 and gp41. Dashed lines indicate background, and are set 3
standard deviations above the average AUC for untreated animals.
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Figure 3.3 Plasma antibody titers against HIV-1 Env proteins during SHIV
infection.

Plasma from all study groups was tested via indirect ELISA for IgG and IgA binding
against (A) Subtype B YU2 gp120 and (B) DIlI gp41. (C) Area under the curve was
calculated for each animal at each time point, and averages for each group are displayed
longitudinally across the last pre-SHIV timepoint and three post-SHIV time points.
Statistical significance was determined by using a linear mixed effects model with the
vaccine-only group set as baseline. All error bars represent SEM. n.s signifies not
significant. * signifies p = 0.01-0.05. ** signifies p = 0.001- 0.01. **** signifies p
<0.0001. In (C), p values between vaccine alone group and probiotics alone group were <
0.0001 for IgG and IgA in both gp120 and gp41. p values between vaccine alone group
and control group were also < 0.0001 for 1gG and IgA in both gp120 and gp41. P values
between vaccine alone group and probiotic + vaccine group were 0.03 for IgA binding
gp120 and 0.003 for IgA binding gp41. Differences in 1gG between these groups were
not statistically significant ( p = 0.128 for gp120, p = 0.055 for gp41). Note that that data
points marked “Week -17 post SHIV infection” are the same data points as the “Week 22
of treatment” points from Figure 3.2C, and are included here to indicate baseline binding
prior to infection. Dashed lines indicate background, and are set 3 standard deviations
above the average AUC for untreated animals.
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Figure 3.4 Plasma IgG and IgA binding against probiotic and commensal flora
during treatment.

Plasma from the probiotics alone, probiotics + vaccine, and vaccine alone groups were
tested for (A) 1gG and (B) IgA binding against VSL3 probiotics and 5 whole bacterial
strains. ELISAs were performed with 5-fold, 7-point dilutions of plasma beginning at
1:100, and AUC was calculated from the curve for each animal at each time point.
Graphs display average AUC for each group at each time point. Statistical significance
was determined by using a linear mixed effects model with the untreated control group
set as baseline, and no groups were statistically significant for any target. Error bars
represent SEM.
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Figure 3.5 Plasma IgG and IgA binding against probiotic and commensal flora

during SHIV infection.

Plasma from the probiotics alone, probiotics + vaccine, and vaccine alone groups were
tested for (A) IgG and (B) IgA binding against VVSL3 probiotics and 5 whole bacterial
strains. ELISAs were performed with 5-fold, 7-point dilutions of plasma beginning at
1:100, AUC was calculated for each animal at each time point. Averages for each group
are displayed longitudinally across the last pre-SHIV timepoint and three post-SHIV time
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points. Statistical significance was determined by using a linear mixed effects model with
the untreated control group set as baseline, and no groups were statistically significant for
any target. All error bars represent SEM. Note that the data points marked “Week -17
post SHIV infection” are the same data points as the “Week 22 of treatment” points from
Figure 3.4, and are included here to indicate baseline binding prior to infection.
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Chapter 4: Conclusions and future directions
4.1 Reservoir diversity and bnAb therapy

HIV-1 remains a pathogen of enormous global concern, and improvements to
treatment and prevention strategies are urgently required. bnAb therapies hold great
promise as an eventual replacement for ART in infected individuals, as treatment could
be administered intermittently in long-lasting doses rather than daily. Determining which
individuals are best suited for these therapies is an important step toward utilizing them in
a clinical setting. Here, we have observed that individuals with shorter periods of actively
replicating infection before ART appear to have lower reservoir env diversity,
corroborating results from3” 3. Lower diversity appears to be correlated with greater
susceptibility to a panel of 10 bnAbs (Figure 2.2), suggesting that low-diversity
individuals may be the most promising candidates for bnAb therapies.

Interestingly, we observed that VV2-apex and V3-glycan targeting bnAbs were
significantly more effective against viruses from low-diversity individuals than viruses
from high-diversity individuals, but that this pattern was not present in CD4bs and
MPER-targeting bnAbs. Given the small sample size of this study, it remains to be seen
whether this pattern holds true in larger populations; for example, much of the observed
difference in V3 bnAb neutralization can be accounted for by the fact the all viruses
tested from individual CIRC0196 are completely resistant to VV3-targeting bnAbs, despite
the high env diversity of this individual. Further study of the impact of reservoir env
diversity on the efficacy of bnAb therapies should include larger sample sizes that would
allow more variables (such as sex and age) to be studied in order to better determine

whether V2 and V3 targeting bnAbs are truly more effective in low-diversity individuals.
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In addition to limiting reservoir diversity, early initiation of ART is associated
with higher CD4+ and CD8+ T cell numbers, faster reduction in viral load, and steeper
decline of proviral HIV-1 DNA during treatment®*°. Our results suggest that early ART
initiation may have another benefit: greater efficacy of bnAbs against reservoir viruses
from low-diversity individuals. Given that viruses from individuals with less diversity
and shorter periods of infection were more susceptible to a panel of 10 broadly
neutralizing antibodies, this study provides one more reason for infected individuals to
begin ART as soon as possible.

While bnAb strategies hold promise for maintaining long-term HIV-1
suppression, pre-existing resistance in the latent reservoir remains an issue. Here, we
have observed that individuals with greater reservoir diversity are more resistant to
bnAbs on average, possibly due to their reservoirs harboring greater numbers of
resistance mutations against the bnAbs tested. The recent clinical trial utilizing 3BNC117
and 10-1074 in a combination therapy®* is an important first step towards utilizing multi-
bnAb combinations to circumvent issues with preexisting resistance. ldeally, combination
strategies will allow bnAb therapies to be employed even in high-diversity individuals,

but this remains to be further studied in clinical trials.

4.2 Autologous antibodies and viral rebound

The role that autologous antibodies play during viral rebound is often overlooked
due to their inability to prevent resurgence of plasma viremia. However, autologous
antibodies are often able to neutralize plasma viruses isolated from earlier timepoints

during infection®® 2°, This suggests that archival viruses seeded into the reservoir from
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earlier timepoints during infection may be susceptible to autologous neutralization upon
withdrawal of ART. Whether viruses emerging during ART withdrawal are truly archival
or dominated by strains circulating at the time of ART initiation (which tend to be
resistant to autologous antibodies) remains a point of contention within the field. Some
groups have demonstrated that proviral HIV-1 DNA is heterogenous and represents
archival viruses from the full course of infection®® 1%, put others claim that replication
competent proviruses are heavily biased toward strains circulating during ART
initiation®. Some researchers have suggested that recombination events result in rebound
viruses entirely distinct from those identified in the latent reservoir®? 1%, Here, we
observed no examples of potent neutralization of 22 outgrowth viruses derived from 8
individuals. This data supports the idea that outgrowth viruses predominantly represent
resistant strains circulating near ART initiation, though in vivo rebound dynamics may
differ.

Given the universal resistance observed in our study, autologous antibodies do not
seem likely to contribute to HIV-1 suppression during ART withdrawal. Recent research
from the Siliciano lab® has suggested that autologous IgG may have a role in restricting
which viruses are able to grow in an in vitro outgrowth setting, as outgrowth occurred
less frequently in wells treated with 1gG. However, while viruses successfully growing in
the presence of autologous 1gG tended to have greater resistance, viruses growing in its
absence were by no means highly susceptible. The neutralization capacity of autologous
IgG against viruses growing in the absence of 1gG was not robust, with only 2 instances
of an IC50 below 10pg/mL against viruses growing in the absence of IgG and none

below 1pg/mL in 22 outgrowth viruses tested under these conditions. Our own
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observations of weak outgrowth virus neutralization by autologous 1gG were generally in
line with these results. Overall, it does not seem likely that autologous antibodies have
the ability to meaningfully control rebounding virus in the absence of ART. While it is
possible that autologous IgG can to a limited extent restrict which viruses rebound in
vivo, it is unclear if autologous antibodies can provide value as part of multi-pronged
strategies for ART replacement. The primary driver of HIV-1 suppression in such a
context must be exogenous bnAbs or a similar therapy with more proven potency, as

autologous antibodies are unlikely to provide substantial support.

4.3 Probiotic adjuvants and HIV-1 vaccination

Because treatment of HIV-1 presents so many difficulties, prevention strategies
are a top priority for development. Oral probiotic treatments have been proven to boost
antibody responses and vaccine efficacy in other models of viral infection, and presented
a strong candidate for use in HIV-1 vaccination. However, we did not observe a boosting
effect from probiotics alongside an experimental SIV/HIV vaccine. While anti-HIV-1
titers in the group receiving probiotics were not statistically significantly different from
the vaccine alone group during vaccination, they appeared to be lower rather than higher
(Figure 3.2). During active SHIV infection, this difference increased, and IgA titers were
significantly lower in animals that had received probiotics during vaccination (Figure
3.3). IgG titers were also lower, but not significantly.

Our collaborators measured decreases in secretion of some pro-inflammatory
cytokines such as TNF-a,, IL-17, and IFN-y during probiotic treatment®’, though these

decreases tended to be transient. Probiotic-mediated decreases in inflammation may have
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reduced APC activity during vaccination, leading to lower numbers of circulating B cells
against vaccine antigens. This could explain the observation that titers during infection
were lower in animals that received probiotics + vaccine compared to those receiving
vaccine alone, but not lower in animals who received no treatment compared to those
receiving probiotics alone.

While oral probiotics appear to have decreased vaccine-induced titers, the effect
of this reduction on protection is not necessarily negative. In the RV144 trial, the two
immune correlates of protection from HIV-1 acquisition were 1gG binding against the
V1V2 Env region, which was positively correlated with protection, and IgA binding
against Env, which was negatively correlated with protection?'. The reduction in IgA
binding of Env we observed in probiotic + vaccine animals may be beneficial in light of
the RV144 results. However, the observed reduction in IgG titers is not likely to be
helpful for protection and may be harmful. While we did not assess the specificity of
circulating antibodies against different gp120 epitopes, reduction of gp120-specific IgG
may have included reduction in V1V2-targeting IgG, potentially reducing protective
efficacy. Additionally, differences in mucosal antibody secretion were not assessed, and
mucosal titers may have differed from circulating titers. No differences in SHIV
acquisition were observed with the administration of probiotics in this study, which is not
surprising given the previously documented inability of the vaccine to protect against
Tier 2 heterologous SHIV challenge®. Future studies with higher quality vaccines and
deeper profiling of antibody specificity will be needed to elucidate whether the drop in
IgA titers is sufficient to make up for loss of IgG titers. Future studies should also

consider alternate probiotics as well as dosages of probiotics, and should assess
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antibodies in the gut and mucosal surfaces as well as in circulation. For now, the effects
of probiotics on vaccine-induced protection in macaques remain unclear, and how these
results may translate in the context of the human gut microbiome will require additional

study.

4.4 Strategies to utilize antibodies for HIV-1 treatment and prevention

Here, we have examined the role of reservoir env diversity in susceptibility to
bnAbs and autologous antibodies. We observed that env diversity increased alongside
length of unsuppressed infection, and that while individuals with greater env diversity
were more resistant to bnAbs, no individual exhibited potent autologous neutralization,
despite greater heterologous neutralization in high-diversity individuals. This suggests
that infected individuals should initiate ART as soon as possible in order to limit
resistance mutations and maximize the efficacy of bnAb strategies. We also examined
oral probiotics as an adjuvant for HIV-1 vaccines in a macaque model, and observed that
IgG and IgA titers were decreased in probiotic treated animals, particularly during SHIV
infection. The impact of these changes in titers merits further study to determine whether
probiotic adjuvants impact protection in more robust vaccine models. Given that several
trials in macaques'®-1%" and the RV144 human trial?* have demonstrated the critical role
of neutralizing antibodies in HIV-1 protection, additional adjuvants should also be sought
for HIV-1 vaccines, particularly adjuvants aimed at improving B cell responses. With
further study, adjuvants such as probiotics may be able to boost autologous antibody
responses to further complement bnAb strategies, as part of therapeutic vaccination

strategies in HIV-1 infected individuals. With boosted autologous antibodies better
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restricting viral rebound, combination bnAb therapies have the potential for long-term
control of infection that circumvents the side effects and daily regimen of conventional
ART. With these results, we hope to have added valuable insights on the role of

antibodies in HIV-1 treatment and prevention.
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