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A B S T R A C T

Background: Achieving a functional or sterilizing cure for HIV will require identification of therapeutic inter-
ventions that reduce HIV reservoir size in infected individuals. Proteasome inhibitors, such as ixazomib,
impact multiple aspects of HIV biology including latency, transcription initiation, viral replication, and
infected cell killing through the HIV protease � Casp8p41 pathway, resulting in latency reversal and reduced
measures of HIV reservoir size ex vivo.
Methods: We conducted a phase 1b/2a dose escalating, open label trial of weekly oral ixazomib for 24 weeks
in antiretroviral (ART)-suppressed, HIV positive adults (NCT02946047). The study was conducted from
March 2017 to August 2019 at two tertiary referral centers in the United States. The primary outcomes were
safety and tolerability of oral ixazomib. Secondary outcomes included changes in immunologic markers and
estimates of HIV reservoir size after ixazomib treatment.
Findings: Sixteen participants completed the study. Ixazomib up to 4mg weekly was safe and well-tolerated,
yielding no treatment-emergent events above grade 1. In exploratory analyses, ixazomib treatment was
associated with detectable viremia that was below the lower limit of quantification (LLQ) in 9 participants,
and viremia that was above LLQ in 4 of 16 participants. While treatment was associated with reduced CD4
counts [baseline 783 cells/ mm3 vs. week-24 724 cells/ mm3 p=0.003], there were no changes in markers of
cellular activation, exhaustion or inflammation. Total HIV DNA and proviral sequencing were not altered by
ixazomib treatment. Intact proviral DNA assay (IPDA) identified intact proviruses in 14 patients pre-treat-
ment, and in 10/14 of those subjects post treatment values were reduced (P=0.068), allowing a calculated
intact proviral half life of 0.6 years (95% CI 0.3, 2.5), compared to 7.1 years (95% CI 3.9, 18, p=0.004) in histori-
cal controls. Differentiation Quantitative Viral Outgrowth Assays (dQVOA) identified measurable proviruses
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Research in context

Evidence before this study
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in 15 subjects pre-treatment; post-treatment values were numerically reduced in 9, but overall differences
were not significantly different.
Interpretation: Our study successfully met its primary endpoint of demonstrating the safety of ixazomib for
24 weeks in HIV infected persons. Exploratory analyses suggest that the effects observed ex vivo of latency
reversal and reductions in HIV reservoir size, also occur in vivo. Future controlled studies of ixazomib are
warranted.
Funding: This study was funded by Millennium Pharmaceuticals Inc..; the Mayo Clinic Foundation; the
National Institutes of Health, including the National Institute of Allergy and Infectious Diseases, Division of
AIDS, the National Heart, Lung and Blood Institute, the National Institute of Diabetes and Digestive and Kidney Dis-
eases, the National Institute of Neurological Disorders and Stroke, and the National Institute on Drug Abuse. Mayo
Clinic also acknowledges generous funding support fromMr. Joseph T. andMrs. Michele P. Betten.

© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/)
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1. Introduction

The availability of suppressive antiretroviral therapy (ART) now
allows for near lifelong control of HIV replication, but yet even pro-
longed treatment does not cure HIV, since ART discontinuation is
nearly universally followed by viral rebound within weeks [1]. The
main barrier to HIV cure is the presence of a latent viral reservoir,
consisting of replication competent virus within subsets of long lived
memory CD4 T cells [2-4,5]. Intensive efforts to cure HIV have focused
on reactivating latent virus, in order that virus induced cell death
may result, and/or immune mechanisms will kill residual HIV
infected cells, thereby reducing HIV reservoir size [6]. To date these
approaches have faltered due to either lack of effectiveness of latency
reversal in vivo, or lack of reduction in the latent viral reservoir
despite induction of viral replication [7�10].

As obligate intracellular parasites, viruses co-opt host cellular
machinery to achieve their evolutionary goals of ensuring survival of
infected cells and maximizing virus replication, thereby allowing
virus spread to other cells or hosts. Best characterized of these virus
host interactions are the dependence of viruses on host nucleic acid
replicative machinery, transcription factors and nucleotides. In addi-
tion, viruses have also evolved to co-opt other host pathways, for
example those governing post translational modifications including
the ubiquitin proteasome system. Protein ubiquitination is ubiqui-
tous, and impacts cellular and viral proteins in multiple ways; for
example ubiquitination can target proteins for degradation via the
proteasome, alter their cellular location, affect their activity, and pro-
mote or prevent protein interactions. Viral protein interactions with
the ubiquitin system can impact viral entry and intracellular traffick-
ing, transcription, latency and viral cytopathic effect, cell cycle regu-
lation, inhibition of infected cell apoptosis, cellular proliferation, and
virus budding (reviewed in [11]). The cellular ubiquitin proteasome
system regulates a number of steps in the HIV replication cycle [12],
including latency [13], through NF-kB dependent activation of viral
transcription [14]; promotion of viral transcription and elongation
through stabilization of HSP90-pTEFb complex [15]; or by enabling
Tat-transactivation of viral transcription [13].

At its most fundamental level, HIV infection causes a disease char-
acterized by disordered cell death. During uncontrolled infection,
there is excessive death of predominantly uninfected immune cells
causing immunodeficiency that leads to infected individuals becom-
ing susceptible to opportunistic infections and malignancies. Con-
versely, during treated HIV infection, a subset of infected cells, which
contains replication competent HIV, are resistant to cell death, even
upon viral reactivation, which is the main obstacle to achieving a
cure for HIV infection. Much recent interest has focused on develop-
ing pharmacologic strategies of reactivation, which promote the
death of the reactivating cell.

HIV infection of an individual T cell most often results in cell death
through a number of proposed pathways, including pyroptosis,
innate sensing of HIV proteins or nucleic acids, or apoptosis [16]. One
pathway of HIV induced cell death occurs at a post integration step,
and involves HIV protease which is active within the infected cell
cytosol, cleaving both the HIV polyprotein as well as host proteins
including Procaspase 8 [17]. The HIV specific caspase 8 fragment,
called Casp8p41, adopts an alpha helical conformation which resem-
bles a BH3 like conformation normally associated with the Bcl2 fam-
ily of apoptosis regulatory proteins [18]. Casp8p41 then can bind
with nanomolar affinity to the proapoptotic mitochondrial protein
Bak, causing it to oligomerize, activate and allow release of
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proapoptotic Cytochrome c into the cytosol, which activates the
effector phase of apoptosis. The interaction of Casp8p41 with Bak
occurs through the BH3-like domain of Casp8p41 binding to the BH3
groove in Bak, and can be abrogated by mutagenesis [18]. Not sur-
prisingly the BH3-like domain of Casp8p41 can also bind proteins
which also contain a BH3 groove, such as Bcl2, with similar nanomo-
lar affinity [19]. When Casp8p41 binds Bcl2, cell death does not occur,
and the Casp8p41:Bcl2 complex is ubiquitinated and degraded by the
proteasome [14]. Inhibiting the degradation of this complex using
proteasome inhibitors, results in activation of the unfolded protein
response [20], and induction of cell death with characteristics of apo-
ptosis [14,20].

Proteasome inhibitors are approved treatments for plasma cell
malignancies including myeloma, where they improve both progres-
sion free and overall survival of patients afflicted with these disor-
ders. Multiple myeloma cells produce excessive amounts of IgG,
which is compensated intracellularly by the microautophagy and the
ubiquitin proteasome pathway removing excess intracellular immu-
noglobulins. Blockade of the proteasome by proteasome inhibitors
results in accumulation of intracellular immunoglobulin, induction of
the unfolded protein response, leading to autophagic cell death [21].

Proteasome inhibitors have also been studied in the setting of HIV.
HIV Env is ubiquitinated and degraded by the proteasome, and pro-
teasome inhibition increases Env [22] and interferes with Gag poly-
protein processing [23], although these studies did not evaluate
whether a functional consequence of this is death of the HIV infected
cells. Accumulating data also indicate that proteasome inhibitors act
as latency reversal agents, first described with bortezomib reactivat-
ing HIV in a Bcl2-dependent latency model [24]. Others have since
confirmed that the proteasome inhibitors bortezomib and carfilzo-
mib reactivate latent HIV in vitro [13,15,24,25].

Ixazomib is an oral, once weekly proteasome inhibitor US Food
and Drug Administration (FDA) approved for use in patients with
multiple myeloma, with a favorable safety profile. Using HIV long ter-
minal repeat (LTR) reporter constructs as well as primary CD4 cells
isolated from HIV infected subjects we showed that ixazomib induces
HIV reactivation in both cell lines and in patient cells ex vivo, and that
reactivation induced by ixazomib results in selective killing of reacti-
vated, HIV-infected cells in a Casp8p41-dependent mechanism lead-
ing to quantitative reductions in reservoir size as measured by total
and integrated HIV DNA [14]. Based on the ability of ixazomib to reac-
tivate cells from latency, as well as its ex vivo effect of reducing reser-
voir size, we conducted a Phase 1b/2a open label clinical trial of
ixazomib in ART-suppressed, HIV-positive persons (Clinicaltrials.gov
NCT02946047), to evaluate the safety and tolerability of oral ixazo-
mib in ART-suppressed, HIV-positive persons, and to explore
whether treatment induces detectable HIV viremia in ART sup-
pressed patients, and/or results in changes in HIV reservoir size..

2. Methods

2.1. Trial Design and Oversight

We conducted a Phase 1a/2b open label, uncontrolled, dose esca-
lation trial of oral ixazomib in antiretroviral suppressed, HIV positive
adults. The trial was registered with ClinicalTrials.gov
(NCT02946047) and was approved by the Mayo Clinic Institutional
Review Board (IRB#16-001938) and conducted in accordance with
all federal, local and institutional guidelines. The investigational use
of ixazomib was approved under an Investigational New Drug appli-
cation (IND-130299) of the United States Food and Drug Administra-
tion (FDA), and the trial design and lack of untreated control group
determined by the FDA as part of the IND application. The trial was
funded by Takeda Pharmaceuticals. The trial was monitored by an
independent Data Safety Monitoring Board (DSMB). Reporting of the
trial adheres to CONSORT guidelines.
Participants were recruited from two sites, Mayo Clinic, Rochester,
MN and Hennepin Healthcare, Minneapolis, MN. Written informed
consent was obtained from all patients. Participants were eligible for
participation if they were � 18 years of age; HIV positive with sup-
pressed viral replication on at least 3 active antiretrovirals for at least
6 months, with a plasma viral load <20 copies/ ml within 30 days of
enrollment; and a CD4 count >500 cells/ mm3 within 30 days prior
to study enrollment. A full list of exclusion criteria can be found in
the complete study protocol (Appendix 1), and included significant
baseline laboratory abnormalities; recent or ongoing infections other
than HIV, malignancy or surgery; women of childbearing potential,
pregnant or nursing women; history of peripheral neuropathy or evi-
dence of peripheral neuropathy on screening; uncontrolled cardio-
vascular conditions or baseline QTc >450 milliseconds; systemic
treatment with strong CYP3A inducers; known history of liver dis-
ease, cirrhosis, active hepatitis B or hepatitis C infection.

2.2. Treatment and Procedures

Ixazomib dose escalation for the study groups is outlined in Figure
S1. Ixazomib was taken orally once weekly on days 1, 8, and 15 of a
28-day cycle for the first 12 weeks (cycles 1-3). During cycles 1-3, no
dose was administered on day 21, mirroring current FDA-approved
dosing structure for multiple myeloma. An independent DSMB
reviewed cohort safety data after 12 weeks to determine whether it
was safe to increase 4 doses (4th dose administered on day 21) per
28 days for the second 12 weeks (cycles 4-6). Subsequent initiation of
escalated dose cohorts began after DSMB review of safety data after
28 days of treatment from the preceding lower dose cohort. The ixa-
zomib drug product (the active boronic acid) was provided in
strengths of 4.0-, 3.0-, and 2.0-, and 0.5-mg capsules to attain the
respective dose for each dosing cohort. The first 4 participants
received a 1mg dose (A cohort); 3 participants received a 2mg dose
(B cohort); 3 participants received a 3mg dose (C cohort); and 7 par-
ticipants received a 4mg dose (D and E cohorts). Plasma HIV viral
load testing was performed using the cobas HIV-1 - Quantitative
nucleic acid test for use on the cobas 6800/8800 Systems (Roche
Molecular Systems, Inc., Branchburg, NJ).

2.3. Outcome measures

The primary outcomes in the study were the safety and tolerabil-
ity of ixazomib in HIV positive patients on antiretroviral therapy. Pre-
specified secondary outcomes included change from baseline in
measures of HIV infection (total cell associated HIV DNA by digital
droplet PCR and culturable HIV by quantitative viral outgrowth
assay), and immune parameters (CD4 and CD8 T cell counts, as well
as CD4/CD8 Ratio).

2.4. Total cell associated HIV DNA by digital droplet PCR

Total genomic DNA (gDNA) was isolated from 5 to 10 million CD4
cells using DNeasy Blood & Tissue Kit (Qiagen) according to manufac-
turer’s protocol. Genomic DNA was restriction digested using EcoRI.
The ddPCR mix was made by adding 10ml of sample containing
gDNA, 900 nM of Primers and 300 nM of probe (Integrated DNA Tech-
nologies) with 10ml of 2x ddPCR supermix for probes (Bio-Rad), in a
final volume of 20ml. Automated ddPCR, the reaction was prepared
as described above with samples and controls in a 96-well PCR plate,
and generated droplet using automated droplet generator (AutoDG).
Following completion, the plate was heat sealed, amplified using PCR
protocol consisted of initial denaturation at 95 °C for 10min, followed
by 45 cycles of 95C for 30 s denaturation and annealing/elongation at
60 C for 1 min with a ramp rate of 2.5 °C/s, and final step of 98 °C for
10min to deactivate enzyme. Each sample was measured in quadru-
plicates. Droplets were read by the QX200 droplet reader (Bio-Rad)
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and the results from the QX200 droplet reader were recorded in Bio-
Rad's QuantaSoft Analysis Pro software using absolute quantification.
The software counts the number of positive and negative droplets
and uses Poisson statistics to calculate copies/mL. A manual threshold
was applied based on positive and non-target control samples in
each experiment to accurately separate positive and negative clusters
and eliminate false positive droplets [26].
HIV pol forward (mf299)
 GCA CTT TAA ATT TTC CCA TTA GTC CTA

HIV pol reverse (mf302)
 CAA ATT TCT ACT AAT GCT TTT ATT TTT TCTTC

HIV pol probe (mf348)
 FAM-AAG CCA GGA ATG GAT GG-MGB

RPP30 forward
 GAT TTG GAC CTG CGA GCG

RPP30 reverse
 GCG GCT GTC TCC ACA AGTC

RPP30 probe
 VIC-CTG ACC TGA AGG CTC T-MGB
2.5. Intact Proviral DNA Assay (IPDA)

In-depth descriptions of the IPDA design and procedure have been
previously published (cite PMIDs 30700913, 32690683). In the pres-
ent study, the IPDA was performed by Accelevir Diagnostics under
company standard operating procedures. The assay was performed
on genomic DNA from CD4+ T cells isolated from cryopreserved
PBMCs. Operators were blinded to donor identity and time point.

2.6. Replication competent HIV-1 reservoir quantification

Baseline and post-treatment HIV-1 reservoir measurements were
generated through the quantitative viral outgrowth assay coupled
with ex vivo memory differentiation (dQVOA) as described previ-
ously [27]. To minimize dQVOA testing batch effects, samples from
each study arm were distributed across each batch of assays per-
formed. Briefly, cryopreserved peripheral blood mononuclear cells
(PBMC) were reanimated, rested overnight, and magnetically
enriched for resting CD4+ T cells (rCD4) (StemCell, 17962 and
19250). Immediately after magnetic enrichment and before ex vivo
differentiation, rCD4 were plated at concentrations of 5 £ 105,
2 £ 105, 4 £ 104, and 8 £ 103 cells per well in complete media with
25 ng/mL recombinant human TNF-a, IL-6, IL-7, IL-10, and IL-15
(R&D Systems, 210-TA, 206-IL, 207-IL, 217-IL, 247-ILB). After 7 days
of ex vivo differentiation and without pooling, splitting or cross-con-
taminating, differentiated cultures were stimulated with 0.5 mg/mL
purified PHA (ThermoFisher Scientific, Remel, R30852801),
100 IU/mL recombinant human IL-2 (R&D Systems, 202-IL), and a
mixture of g-irradiated PBMC from at least three allogeneic HIV-
naïve donors at a ratio of 10:1. Cultures were maintained for an addi-
tional 11 days. Appropriate media and cytokine replenishments
occurred every 3-4 days and extent of magnetic enrichment and
memory differentiation were monitored by standard flow cytometric
methods. Each dQVOA well was scored as positive or negative for
HIV-1 reactivation and outgrowth by quantifying supernatants for
HIV-1 p24 antigen by enzyme linked immunosorbent assay (ELISA)
(PerkinElmer, NEK050B001KT). Supernatants containing at least
3.25 pg/mL of HIV-1 p24 antigen were scored as positive and reser-
voir sizes were calculated using IUPMStats v1.0 [28].

2.7. HIV-1 Near Full-Length Sequencing

Genomic DNA was extracted from the total PBMCs using the
DNeasy Blood and Tissue Kit (Qiagen). The DNA was then diluted to
single genome levels based on Poisson distribution statistics. Droplet
digital PCR results were subjected to single-genome amplification
using Invitrogen Platinum Taq and nested primers spanning near
full-length HIV-1 (HXB2 coordinates 638-9632), as describe previ-
ously [29]. PCR products were then visualized by agarose gel electro-
phoresis (ChemiDoc MP Image Lab, BioRad). All near full-length and/
or 5-amplicon positive amplicons were subjected to Illumina MiSeq
sequencing at the Massachusetts General Hospital (MGH) DNA Core
facility. Resulting short reads were de novo assembled using Ultracy-
cler v1.0 and aligned to HXB2 to identify large deleterious deletions
(<8000bp of the amplicon aligned to HXB2), out-of-frame indels, pre-
mature/lethal stop codons, internal inversions, or packaging signal
deletions (�15 bp insertions and/or deletions relative to HXB2), using
an automated in-house pipeline written in Python programming lan-
guage (https://github.com/BWH-LichterfeldLab/Intactness-Pipeline)
[30], consistent with prior studies [29,31,32]. Presence/absence of
APOBEC-3G/3F-associated hypermutations was determined using the
Los Alamos National Laboratory (LANL) HIV Sequence Database
Hypermut 2.0 program [33]. Viral sequences were categorized as
“genome-intact” if they lacked all the mutations listed above. The
alignment of the sequences was then performed using MUSCLE [34].
Phylogenetic distances between sequences were examined using
maximum likelihood trees in MEGA-X (www.megasoftware.net).
Visualization of the sequences was then performed using Highlighter
plots (https://www.hiv.lanl.gov/content/sequence/HIGHLIGHT/high
lighter_top.html). Viral sequences were considered clonal if they had
completely identical consensus sequences; single nucleotide varia-
tions in primer binding sites were not considered for clonality analy-
sis. All graphs and pie charts were created using Prism v.8
(GraphPad).

2.8. Flow Cytometry for Activation and Exhaustion

Phenotypic analyses were performed to a determine immune acti-
vation, immune checkpoint, and markers of cell proliferation in T
lymphocyte subsets. In brief, frozen PBMC from HIV positive subjects
(Visit 2 and Visit 13) were thawed rapidly in a 37°C water bath, trans-
ferred into RPMI 10% FBS complete media, collected by centrifuga-
tion, washed in PBS, stained for cell viability, washed in PBS, and
stained for cell surface markers. The PBMC were then washed in
FACS Buffer (PBS-0.5% BSA + 1% Na Azide) and stained for intracellular
Ki67 using the BD Cytofix\Cytoperm kit, washed 2X in perm\wash
buffer, resuspended in 1% paraformaldehyde and held refrigerated
until analyzed by flow cytometry. The following reagents were used
for staining: Live/ Dead Fixable Aqua Dead Cell Stain Kit [Invitrogen,
Waltham, MA], mouse anti-human CD3 APC-R700 [BD Biosciences,
San Diego, CA/Clone UCHT1), mouse anti-human CD4 PE-CF594 [BD,
Clone RPS-T4], mouse anti-human CD8 APC-H7 [BD, Clone SK1],
mouse anti-human CD38 BV711 [BD, Clone HIT2], mouse anti-human
HLA DR BV421 [BD, Clone G46-6], mouse anti-human CD71 [BD,
Clone M-A712], mouse anti-human CD73 PerCP-Cy5.5 [BD, Clone
AD2], mouse anti-human CD160 AF488 [BD, Clone BY55], mouse
anti-human LAG-3 PE [BD, Clone 7D3], mouse anti-human PD-1 PE-
Cy [BD, Clone EH12.1], mouse anti-human TIM-3 BV650 [BD, Clone
T47-530], and mouse anti-human TIGIT APC [RnD Systems, Clone
741182]. The following antibodies were used for intracellular experi-
ments Ki67 BV786 (BD, Clone B56) and mouse IgG1 BV786 (BD, Clone
X40). Flow cytometry was performed using a BD LSRFortessaTM SORP
flow cytometer and results were analyzed with FlowJo v9.9.6 soft-
ware (Tree Star, Inc).

2.9. Multiplex cytokine array

32 plasma samples, from Visit 1 and Visit 7, were tested for cyto-
kine/chemokine/Growth factors. These samples were run at single
concentrations without any dilutions, based around the manufac-
turer’s protocol suggested concentrations. GM-CSF, IFNa2, IFNg , IL-
1a, IL-1b, IL-1RA, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-8/CXCL8, IL-9, IL-
10, IL-12(p40), IL-12(p70), IL-13, IL-15, IL-17A/CTLA8, IP-10/CXCL10,
MCP-1/CCL2, MIP-1a/CCL3, MIP-1b/CCL4, TGFa, TNFa, TNFb/Lym-
photoxin-a levels were determined using MagPixTM Milliplex (Lumi-
nex� technology). Luminex technology uses color-code microspheres
with fluorescent dyes which are coated with a specific capture
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antibody. After incubation of the analyte with captured beads, a bioti-
nylated detection antibody is introduced followed by Streptavidin-PE
conjugate, the reporter molecule. The data were acquired using the
Luminex analyzer (MagPix) and each individual microsphere were
identified, and the assay is quantified based on fluorescent reporter
signal. Cytokine production was calculated using Median Fluorescent
Intensity (MFI). The best-fit standard curve was determined by
regression analysis using five-parameter logistic curve-fit (5-PL) as
suggested in product manual for calculating analyte concentrations
in samples. Duplicates of each concentration were run, so that coeffi-
cient of variation (CV) values could also be evaluated for the panel.
These measurements were performed by The Cytokine Core, LLC
(Indianapolis, IN)

2.10. Statistical Analysis

Descriptive statistics are used to summarize patient characteris-
tics, event rates and outcome variables, including numbers (percen-
tages), medians (interquartile ranges). Intention to treat analyses are
presented for the primary endpoint of safety. Per protocol analyses
are presented for secondary endpoints. Nonparametric statistical
tests for comparisons when used are detailed in the text and figure
legends, with paired tests used for pre- and post- treatment compari-
sons within individuals. P values <0.05 are considered statistically
significant. Dunn’s methods for corrections for multiple comparisons
were used as appropriate (Fig S2 and Fig S3).

2.11. Role of the Funding Sources

The funding institutions played no role in trial conduction, data
analysis or determining the reporting of these results.

3. Results

Seventeen HIV positive persons with prolonged viral suppression
(median duration of virologic suppression prior to study entry was
2.6 years (interquartile range [IQR] 1.2, 4.3)) on ART were enrolled
(Fig. 1; Supplementary Table S1). Sixteen (94%) of the participants
were male. Median duration of virologic suppression prior to study
entry was 2.6 years (IQR 1.2, 4.3). ART regimen backbones were based
on integrase inhibitors (N=13), non-nucleoside reverse transcriptase
inhibitors (N=2), and combination protease-inhibitor plus integrase
inhibitor (N=2).

Participants were treated with oral ixazomib for 24 weeks, in a
dose-escalation cohort design, while continuing ART (Fig. S1). The
prespecified primary endpoint for this study was safety and tolerabil-
ity, and 16 (94%) participants completed the study protocol, while 15
(88%) participants completed all 24 weeks of study treatment. One
participant in the 1mg group met predefined stopping criteria after
the third dose, because of a drop in absolute CD4 T cell count to below
350 cells/ mm3, which was associated with acute infection with
Human Herpes Virus-6 deemed by DSMB review to be unrelated to
study treatment. One participant in the 4mg group stopped study
medication after 20 weeks due to maculopapular rash but completed
the post treatment leukapheresis. No Grade 2 or worse adverse
events (AEs) occurred during follow-up of any participants. The most
common adverse events included diarrhea (17.6%), which occurred
early and was self-limited, and mild, maculopapular rash (11.8%).
One participant in the 3 mg group developed transient symptoms
concerning for peripheral neuropathy, but that on further clinical
evaluation was deemed unrelated to study medication and did not
result in study discontinuation. A summary of reported adverse
events can be found in Supplementary Table S2. As the primary end-
point of this study was safety and tolerability, the study achieved its
primary endpoint. We also planned secondary exploratory endpoints
to assess the impact of treatment on immune, and virologic
endpoints, using samples obtained at leukapheresis before and fol-
lowing treatments.

3.1. Effects on immune parameters

Prespecified secondary endpoints were quantitative analyses on
immune cell numbers and cytokine profiles, as well as plasma vire-
mia and surrogate measures of reservoir size. CD4 T cell count in
study subjects decreased significantly on study treatment irrespec-
tive of dose [baseline 783 cells/ mm3 (IQR 608, 1877) vs. week-24
724 cells/ mm3 (IQR 442, 948), p=0.003]. CD8 T cell count also
decreased significantly in study subjects on study treatment [baseline
657 cells/ mm3 (IQR 329, 1402) vs. week-24 458 cells/ mm3 (IQR 246,
891), p=0.002,]. Differences in CD4 T cell and CD8 T cell counts per-
sisted at week-28, four weeks after discontinuing study treatment
(p=0.018 and p=0.026 respectively). CD4/CD8 ratio did not change
significantly on study treatment. There were no significant differen-
ces in changes in CD4 T cell or CD8 T cell counts between dosing
cohorts.

There were no significant changes in markers of activation (HLA-
DR, CD38), proliferation Ki67, CD71) or exhaustion and immune
checkpoints (CD73, CD160, PD1, Tim3, Lag3 or TIGIT) among periph-
eral CD4 or CD8 T cells on treatment across the dosing cohorts, when
corrected for multiple comparisons (Fig. S2).

3.2. Effects on Inflammation

Multiplex cytokine measurement was performed in plasma sam-
ples obtained pre-treatment (Visit 1) and after the first cycle of study
treatment (Visit 7). Ixazomib treatment did not induce a pro-inflam-
matory response in plasma (Fig S3). In unadjusted analyses, on-treat-
ment plasma IL-6 and IL-12p40 concentrations were lower than pre-
treatment (P=0.016 and P=0.008, respectively), although these differ-
ences were not statistically significant after correcting for multiple
comparisons.

3.3. Effects on HIV viremia

Despite having had continuously suppressed viral loads prior to
study enrollment for several years, 4 (25%) participants experienced
detectable plasma HIV viral load of greater than 20 copies/ ml on
study treatment (Fig 2), in addition 9 other subjects experienced
detectable viremia that was below the lower limit of quantitation.
These included 1 participant treated with 2 mg dose (3 of 6 viral loads
on-treatment detectable); 1 treated with 3 mg dose (1 of 6 viral loads
on-treatment detectable) and 2 treated with 4 mg dose (both with 2
of 6 viral loads on-treatment detectable). The time to first viral blip
on study medication ranged from 28 to 84 days. The maximum
plasma HIV viral load on study treatment was 56 copies/ ml. There
was no difference in pre-treatment duration of virologic suppression
prior to study entry between those participants who experienced a
blip compared to those that did not [median 515 days (IQR 356, 863)
vs 1234 days (IQR 473, 2114), p=0.13, Mann Whitney test). These
results are consistent with the ixazomib acting as a latency reversal
agent, as we have described in vitro and ex vivo, [14] and as other
have described with other proteasome inhibitors [13,15,24].

3.4. Effects on estimates of HIV reservoir size

HIV remains incurable in part because no interventions have yet
been identified which reduce the size of the HIV reservoir in vivo. In
part this is because accurate quantification of the HIV reservoir is dif-
ficult and requires very large numbers of cells to estimate the fre-
quency of latently infected cells. To overcome that obstacle, we
performed leukapheresis in all study subjects prior to receiving ixa-
zomib, and between weeks 22 and 23 on ixazomib therapy. Because



Fig. 1. CONSORT Flow diagram detailing participant screening, enrollment, follow up and analysis.
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there is no consensus of which assay of reservoir size best reflects the
latent reservoir, we used cryopreserved peripheral blood mononu-
clear cells (PBMCs) to assess change in HIV reservoir size from before
to after study treatment, by multiple modalities (Supplementary
Table S3).

As expected, ixazomib treatment did not change total HIV-1 DNA
levels in peripheral CD4 T cells as measured by ddPCR (Limit of detec-
tion >167 HIV-1 pol copies/ 106 cells). Single genome, near full-
length proviral sequencing in leukapheresis samples was performed
in a subset of study participants (N=9). 426 HIV proviral species were
analyzed in total, of which 108 (25%) near full length (8-9 kB) were
subjected to next-generation sequencing, yielding 28 (6.5%) total
genome-intact HIV-1 sequences. As this assay is not quantitative,
comparison of numbers of genome-intact sequences could not be
made. However, there were no significant differences in the composi-
tion of total HIV sequences in circulating PBMCs after ixazomib treat-
ment in this subset of patients (Fig 3E).

The intact proviral DNA assay (IPDA) is a technical advance in esti-
mating reservoir size as it is quantitative, more sensitive and able to
differentiate intact versus non-intact HIV proviral DNA. Of the 16 par-
ticipants that completed the study protocol, 14 (88%) had intact HIV
proviruses detected by IPDA in peripheral CD4 T cells at baseline.
Intact provirus level decreased numerically on ixazomib treatment in
10/14 (71%), (median difference -10.2 copies/ 106 cells, p=0.068, Wil-
coxon matched-pairs signed rank test) (Fig 3A). This result allowed
calculation of an estimated half life of intact provirus in that subset of



Fig. 2. Ixazomib induced clinicallymeasurable viral replication and reduction in peripheral HIV reservoir size in a subset of study participants. Plasma HIV viral loadwasmeasured in study par-
ticipants before and during ixazomib treatment. Depicted are individual plasma HIV viral loads (left Y axis and blue lines) in the 4 dosing cohorts: 1 mg (A participants), 2 mg (B participants),
3mg (C participants) and 4mg (D and E participants). For clinical values of “Detected but<20”, the value is plotted at the LLQminus 1. For clinical values of “Undetected”, the value is plotted at
the LLD minus 1. LLQ � lower limit of quantification of 20 copies/ ml. LLD � lower limit of detection of 10 copies/ ml. Intact HIV proviral DNA measured by IPDA was measured in peripheral
CD4 T cells (right Y axis, orange line). In addition, total cell associatedHIVDNAwasmeasured by ddPCR (pol copies/ 106 CD4 T cells), and replication competent virusmeasured by dQVOA (infec-
tious units permillion CD4 T cells), at visits 2 and 13.
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Fig. 3. Ixazomib reduced peripheral HIV reservoir size in a subset of study participants. A) Intact HIV provirus was measured in circulating CD4 T cells obtained by leukapheresis
before ixazomib treatment (Visit 2; V2) and during the last month of treatment (Visit 13; V3) by IPDA analysis. Depicted are data from 14 participants who had detectable intact
HIV provirus at baseline. B) Intact provirus half life was estimated using nonlinear regression with one phase decay constrained with a plateau of 0 and compared to a previously
published historical cohort. Only those participants who had two non-zero values (N=9) could have half life calculations. Error bars depict 95% confidence intervals. C) Replication
competent latent provirus was estimated using dQVOA and expressed as infectious units per million resting CD4 T cells. Depicted are data from 15 participants who had detectable
replication competent virus at baseline. D) IUPM estimates are depicted in a subset of participants as in (C) which had baseline IUPM values >1 and which completed the study pro-
tocol defined six months of ixazomib treatment. E) Proportions of intact and defective HIV proviral sequences obtained from circulating PBMCs at visits 2 and 13 are depicted (N=9
participants).
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patients. The median estimated half life of intact provirus for those
participants treated with ixazomib was 0.6 years (95% CI 0.3, 2.5), sig-
nificantly shorter than what has been previously reported in ART-
suppressed patients using the same assay, performed in the same lab
(7.1 years (95% CI 3.9, 18), p=0.004, one sample Wilcoxon Signed
Rank Test)(Fig 3B) [35].

A third, less sensitive but highly specific measure of latent provi-
ruses are quantitative viral outgrowth assays, which measures repli-
cation competent and inducible provirus. dQVOA uses ex vivo
differentiation of resting CD4 T cells to enhance HIV reactivation, out-
growth, and assay sensitivity compared to standard QVOA measure-
ments on virologically suppressed HIV positive persons [27]. Of the
16 study participants, 15 (94%) had measurable proviruses detected
by dQVOA at baseline. dQVOA results declined in 9/15 subjects at end
of study. However, the overall cohort change was not significant
(median difference -0.05 IUPM (infectious units per million CD4 T
cells, p=0.48, Wilcoxon matched-pairs signed rank test) (Fig 3C). In
the subset of participants (N=6) that had a baseline IUPM>1, and
who completed six cycles of ixazomib treatment per protocol, ixazo-
mib treatment significantly reduced the replication competent viral
reservoir (median difference -0.94 IUPM, p=0.031, Wilcoxon
matched-pairs signed rank test) (Fig 3D).

4. Discussion

Combination ART treatment has remarkably reduced morbidity
and mortality in those HIV infected individuals who can access ther-
apy; however, lifelong ART is required because current treatments do
not clear the HIV-1 reservoir. The HIV reservoir is established early
during primary HIV-1 infection [36]. After initiation of continuous
ART, there is a rapid but incomplete decay of HIV-1 reservoir size
[37], followed by a period of much slower decay with an estimated
half life of 44 months [38] that persists for more than decade on ther-
apy making viral eradication within an individual’s lifetime unachiev-
able with only 2 known exceptions.

That recognition has led to preclinical and early clinical assess-
ment of host directed therapies which may offer additional therapeu-
tic potential. Considerable precedent exists for targeting host
pathways that are activated by viruses, for example neutralizing
inflammatory mediators which contribute to pathogenesis (e.g. IL-6
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inhibitors for COVID-19), enhancing the immune response against
the virus (e.g. interferon treatment of Hepatitis C) and antagonizing
host pathways required for viral persistence (e.g. birinapant for Hep-
atitis B). In the setting of HIV, host directed therapies are under evalu-
ation to achieve latency reversal, latency silencing, immune
augmentation, clonal expansion or inhibition of clonal expansion of
the reservoir, in addition to gene editing [39]. Despite preclinical
promise, to date none of these approaches have caused a meaningful
reduction in HIV reservoir size in HIV positive individuals.

We have previously shown that the clinically relevant proteasome
inhibitors ixazomib and bortezomib increase cell death of HIV
infected over uninfected cells in vitro [14]. Furthermore, using HIV-
LTR reporter constructs, we have described that ixazomib directly
induces HIV replication in an NFkB dependent manner [14], similar
to the reports of bortezomib and carfilzomib causing latency reversal
and increased expression of HIV RNA in both cell lines and ex vivo
cells from HIV positive donors [13,15,24]. Given these preclinical
findings that ixazomib both reactivates HIV and promotes the killing
of HIV infected more than uninfected cells, we opted to test ixazomib
in the first open label phase 1b/2a clinical trial of this agent in HIV
positive participants. Ixazomib was selected over bortezomib due to
its better clinical safety profile and oral route of administration. The
dose-escalation, uncontrolled study design was conceived with the
direction of the FDA as part of the IND application.

The primary outcome of our phase 1b/2a clinical trial was to
determine the safety and tolerability of oral ixazomib in ART-sup-
pressed, HIV positive persons. To that end, ixazomib treatment was
well tolerated with no grade 2 or higher adverse effects, and the max-
imum tolerated dose was determined to be the maximum dose
tested, 4 mg weekly. As this study was designed as an open label,
dose escalating design, it is not powered to detect treatment emer-
gent effects, and so no definitive conclusions are possible in that
regard. However, we designed predefined exploratory secondary
analyses to determine if any potential signals of latency reversal or
anti-reservoir effect are seen in vivo. Participants experienced statis-
tically significant, but not clinically meaningful, reductions in periph-
eral absolute CD4 T cell counts and CD8 T cell counts, but not in CD4/
CD8 ratios. This was likely due to mild drug induced lymphopenia,
which is noted in clinical use of ixazomib in the setting of multiple
myeloma. Notably, 4 of the 16 participants that completed the trial
experienced clinically detectable viral reactivation, as measured by
plasma HIV viral loads >20 copies/ ml (Fig 2), and another 9/16 had
detectable viremia that was below LLQ, which by comparison with
viral load measures of the same subjects over the preceding 24 weeks
(Fig S4), is suggestive of and consistent with in vivo HIV latency rever-
sal by ixazomib. Also, of note, low level viremia did not come at the
cost of excessive immune activation, proliferation marker expression,
exhaustion, or immune checkpoint marker expression as assessed by
flow cytometry of CD4 and CD8 T cell subsets or measurement of
pro-inflammatory cytokines in the plasma (Fig S2 and Fig S3).

While other clinical interventions have achieved limited viral
reactivation following in vivo treatment, none have achieved reduc-
tions in surrogate measures of reservoir size [8,10,40,41]. We mea-
sured changes in HIV reservoir size using peripheral blood cells,
obtained by leukapheresis, before and after study treatment by multi-
ple methods. No differences were seen when reservoir size was esti-
mated using ddPCR or viral sequencing. Arguably, the most relevant
quantitative measures of reservoir estimation are IPDA and dQVOA,
and in those assays 5 patients (subjects B3,C6,D1,E1,E2) had declines
in reservoir size by both QVOA and IPDA, and another 5 (subjects A5,
B4,C1,D2,E4) had reductions in one or other measure. Also, not all
study participants received maximum tolerated dose of ixazomib; of
the seven study subjects that did, 5/7 had reductions in dQVOA while
three had reductions in IPDA, suggesting that at the maximum dose
tested there is a possible enhanced anti-reservoir effect. Considering
the short duration of this trial (6 months), and the long half life of the
latent viral reservoir (typically estimated in years), our data indicate
that ixazomib treatment likely accelerated the decay in HIV reservoir
size in at least a subset of participants (0.6 years in this study, com-
pared to 7.1 years in similar patients using the same assay, performed
in the same lab, Figure 3B). Definitive inferences on the effects of ixa-
zomib on HIV reservoir size, though, are limited by the small number
of participants included in this early phase trial, the lack of an
untreated control group, and the short duration of the trial.
Therefore, future trials of ixazomib should consider using the
maximum tolerated dose, should be powered for anti-reservoir
efficacy, and consider longer periods of treatment based on data
in myeloma patients showing that treatment over years remains
well tolerated [42].

Our data suggest that ixazomib treatment is associated with
reductions in HIV reservoir size in HIV infected persons. Moreover, it
is notable that this treatment is simple � oral and once weekly, safe
in this cohort of patients, does not have any known drug interactions
with first line antiretroviral agents, and is therefore potentially scal-
able within an ambulatory care model. Much like combination of
antivirals have proven to be superior to single agents for treatment of
chronic viral infection, and combinations of cancer agents are supe-
rior to single agents for cure of malignancies, it is likely that combina-
tions of agents active against the HIV reservoir will be required to
achieve the goal of HIV cure. These data suggest that ixazomib is one
agent that is active against the HIV reservoir and may represent the
first step in the journey towards an HIV cure and testing its use in
controlled clinical trials coupled with intensive mechanistic studies is
warranted.
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