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Abstract

Despite the success of antiretroviral therapy (ART), ART fails to eradicate the virus and HIV cure has remained
beyond the reach of current treatments. ART targets replicating virally infected but not latently infected cells,
which have limited expression of factors important for proliferation and cellular activity, including positive
transcription elongation factor b (P-TEFb) and nuclear factor jB (NF-jB). Levels of the cyclin T1 (CycT1)
subunit of P-TEFb are low to absent in resting T cells, and treatment with proteasome inhibitors (PIs) increases
CycT1 protein levels to those of proliferating T cells. In this study, the clinically approved PI bortezomib
reactivated latent HIV in latently infected primary CD4+ T cells. Bortezomib not only increased levels of
CycT1 but also activated NF-jB. Strikingly, as opposed to most currently researched latency reversing agents
(LRAs), bortezomib did not require a second LRA to potently reactivate latent HIV. Effects of bortezomib on
resting T cells and reactivation of HIV suggest a possible direction for future attempts to diminish the viral
reservoir in HIV+ individuals.
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Introduction

Although HIV + individuals survive on maintenance
antiretroviral regimens, with viral titers below the limits

of detection, these drugs are unable to fully eradicate the
virus. Individuals must remain on lifelong antiretroviral
therapy (ART), as even a brief break in adherence leads to
viral rebound.1,2 Therefore, despite increased life span and
quality of life, ART does not result in HIV cure.3 Soon after
infection, a subset of virally infected cells becomes quiescent
and harbors transcriptionally silent HIV.4,5 These cells are
a major contributor to the HIV latent reservoir.4 This reser-
voir remains one of the last hurdles to HIV cure efforts.3

Latently infected cells fail to express HIV proteins, allowing
them to escape detection and elimination by the immune
system and ART.4

In recent years, research efforts have focused on targeting
the latent HIV reservoir.6 Two main arms of research to
target this reservoir are ‘‘shock and kill’’ and ‘‘block and
lock.’’7,8 In an effort to eliminate the need for daily ART,
new compounds which ‘‘block’’ further HIV transcription
and ‘‘lock’’ the virus in a state of deeper latency have been
explored, thereby limiting HIV transcription and potential
reactivation.8–10 Latency reversing agents (LRAs) have
been widely studied, which ‘‘shock’’ the latent virus out of
its transcriptionally repressed state, making it accessible to
cellular ‘‘kill’’ mechanisms.7 Both strategies aim to elimi-

nate the need for daily ART and the potential resurgence of
viral titers when treatment is interrupted.

The earliest efforts involving latency reversal included
histone deacetylase inhibitors (HDACis) and BET bromo-
domain inhibitors (BETis), both of which reactivate latent
virus using chromatin stress and activation of positive tran-
scription elongation factor b (P-TEFb).11,12 P-TEFb is a
complex of proteins, including cyclin T1 (CycT1) and cyclin
dependent kinase 9 (CDK9), which is present in inactive or
free forms that are recruited to gene promoters in prolifer-
ating cells.4,13 It phosphorylates RNA polymerase II and
negative elongation factors associated with the polymerase,
to facilitate transcriptional elongation. Resting CD4+ T cells,
including memory T cells, have limited CycT1, while
transformed, long-lived cell lines have abundant CycT1.14,15

This finding is the primary reason that promising early results
using HDACis and BETis in cell line models of HIV latency
did not translate to reactivation efforts in primary T cells or
in vivo.16,17 More promising research involved LRAs, which
activate T cells and increase cellular pools of P-TEFb, most
notably protein kinase C (PKC) agonists.18,19 One promising
PKC agonist has been ingenol.20–22 Even a crude extract of
the Euphorbia kansui (kansui), a natural plant source of in-
genol, is effective at reactivating latent HIV.14 While cellular
activation potently increases levels of P-TEFb, global in-
flammation and cytokine storm are a risk of using PKC ag-
onists in patients.23 Therefore, combinations of PKC agonists

Department of Medicine, University of California at San Francisco, San Francisco, California, USA.

AIDS RESEARCH AND HUMAN RETROVIRUSES
Volume 36, Number 10, 2020
ª Mary Ann Liebert, Inc.
DOI: 10.1089/aid.2020.0040

800



and HDACis/BETis administered sequentially at less toxic
concentrations have been investigated,14,23,24 which increase
the efficacy of both compounds while mitigating the toxic
effects of each. In this manner, several pathways are acti-
vated, which when combined result in potent HIV reactiva-
tion. First, PKC agonists increase levels of cellular P-TEFb.
They are followed by compounds which activate P-TEFb,
such as HDACis or BETis.11,12,14 Nonetheless, potential
global immune activation when administered in vivo is a
continued concern and has resulted in the search for LRAs,
which can be used safely in a clinical context.

CycT1 protein expression in resting CD4+ T cells is in-
creased upon treatment with the general proteasomal in-
hibitor MG132, suggesting inhibition of the proteasome as a
means to reactivate latent HIV.25 MG132 is too toxic for
clinical use, but a number of other proteasome inhibitors
(PIs) are clinically approved for cancer therapy.26 The in-
hibitor bortezomib (Velcade, Millennium Pharmaceuticals)
targets the 26s subunit of the proteasome. Bortezomib has
become a standard of care treatment for multiple myeloma,
and the most frequently reported adverse clinical side effect
is a 30% incidence of reversible neuropathy.27 This neu-
ropathy is reversed in most patients by a decrease in dosage
or cessation of the drug.28,29 Despite this side effect, borte-
zomib is widely used and has been successful in increasing
progression-free survival in multiple myeloma patients.
Bortezomib also increases levels of the super elongation
complex protein elongation factor for RNA Polymerase II
(ELL2) in cell lines and reactivates latent HIV in CD4+ T
cells and HIV+ patient cells.30 In addition, PR-957, an in-
hibitor of the immunoproteasome, also reactivates latent
HIV in patient cells and activates heat shock factor 1 (HSF-
1) in cell lines.31 Inhibition of the proteasome has the po-
tential to limit further viral replication, since viral accessory
proteins target host cell restriction factors, leading to their
degradation by proteasomal machinery.32,33 Taken together,
proteasomal inhibition has the potential to reactivate latent
HIV and limit viral replication. Preventing CycT1 degra-
dation suggests that it could be an effective mode of re-
activation of latent HIV.

In this study, we extend findings of previous studies using
PI treatment of latently infected T cells and demonstrate that
bortezomib could be used to target latent HIV at relatively
low concentrations. Bortezomib potently reactivated latent
HIV in a primary CD4+ T cell model of latency and proved
sufficient to reactivate latent HIV without activating T cells.
Bortezomib not only increased the expression of P-TEFb but
concurrently activated the nuclear factor-jB (NF-jB) path-
way in primary cells. Taken together, these results suggest
that bortezomib, which is approved for the clinical treatment
of multiple myeloma, efficiently reactivates latent HIV by
increasing cellular P-TEFb levels and activating NF-jB.

Materials and Methods

Primary human peripheral blood mononuclear cells
and CD4+ T cells

Trima residuals from healthy donors, from Trima
apheresis collection and enriched for peripheral blood
mononuclear cells (PBMCs), were obtained from Vitalant
(San Francisco, CA). Bulk PBMCs were cultured for 3 days.
Nonadherent PBMCs were negatively selected for purified

CD4+ T cells or used directly in PBMC experiments. CD4+ T
cells were selected from bulk PBMCs using negative bead
selection (Dynal CD4+ untouched beads, Invitrogen). Primary
CD4+ T cells were activated and expanded using CD3/CD28
beads (Invitrogen) and 30 U/mL interleukin 2 (IL-2) for 5 days.

Cell culture and reactivation conditions

Cells were maintained in RPMI 1640 supplemented with
10% fetal bovine serum and penicillin/streptomycin at 37�C
with 5% carbon dioxide. Cells were seeded in triplicate wells
of a 24-well plate and stimulated for 24 h. Approximately 5–
10 · 106 cells/5–10 mL on 10 cm plates were stimulated to
obtain lysates for protein expression analysis. Cells were
treated with indicated concentrations of: bortezomib (Milli-
pore), dimethyl sulfoxide (DMSO), phorbol myristate acetate
(PMA) (Sigma Aldrich) and phytohemagglutinin (PHA)
(Sigma Aldrich), tumor necrosis factor alpha (TNFa) (eBios-
ciences), MG132, kansui extract (Baoji F.S. Biological De-
velopment Co. Ltd., Shanxi, China), suberanilohydroxamic
acid (SAHA) [Martin Delaney Collaboratory of AIDS Re-
searchers for Eradication (CARE)], or JQ1 (CARE).

Generation of HIV-1 infectious titers and infections

Infectious stocks of HIV-1 were generated by transfecting
293T cells with 15 lg of pNL4.3-Nef(+)-heat stable antigen
(HSA) (National Institutes of Health AIDS Research and Re-
ference Reagent Program, Division of AIDS, National Institute
of Allergy and Infectious Diseases (NIAID), National Institute
of Health (NIH): pNL4-3.HSA.R+.E- from Dr. Nathaniel
Landau at the NYU School of Medicine) and 3 lg of vesticular
stomatitus virus G protein (VSV-6) using calcium phosphate.
Viral supernatants were harvested and filtered through a
0.45 lm filter at 48 h post-transfection. Approximately
0.5 · 106 pg p24 of infectious virus, as determined by HIV-1
P24 antigen capture assay (Advanced Biosciences Labora-
tories), was added per 1 · 106 activated CD4+ T cells. Cells
were spinoculated for 90 min at 1200· g with polybrene
(2 lg/mL). Twenty-four hours postinfection, cells were
washed twice to thoroughly remove initial infectious virus.

Human CD4+ T cell model of HIV latency

Primary CD4+ T cells were activated, infected with HIV-1
NL4.3 HSA, and given decreasing concentrations of IL-2
over 12 days in culture to induce quiescence and HIV latency,
as previously described.14 Latently infected and uninfected
control cells were reactivated for 24 h, and samples were
collected for flow cytometry analysis (FACS).

Flow cytometry analysis

Cells were harvested 24 h postreactivation and washed in
cold phosphate buffered saline (PBS), and 0.5 · 106 cells
were allotted to each tube. Cells were stained with PE mouse
anti-human CD69 (555531; BD Biosciences) or fluorescein
isothiocyanate (FITC) rat anti-mouse HSA (553261; BD
Biosciences). Cells were fixed in 2% paraformaldehyde and
analyzed using the BD Biosciences FACSCalibur and Cell-
Quest Pro software at the University of California at San
Francisco Parnassus Flow Cytometry Core. Cells were gated
on the live lymphocyte gate using the forward and side scatter
plot, and the percentage of live lymphocytes in 10,000 col-
lected total cells was used as an estimate for cell viability.
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Western blotting analysis

Whole cell lysates were generated using 2 · laemmli buf-
fer (Bio-Rad) in the presence of proteinase inhibitor cocktail.
Nuclei were extracted using nuclear extract lysis buffer for
hematopoietic cells (Antalis and Godbolt 1991),34 and lysates
of these extracts were generated using laemmli buffer in the
presence of protease inhibitor cocktail. Lysates were run on
10% sodium dodecyl sulfate–polyacrylamide gel electro-
phoresis (SDS-PAGE) and transferred onto a nitrocellulose
membrane. Whole cell lysate membranes were probed for
phospho-(p-) (42 kDa), total IjBa (40 kDa), and b-actin
(42 kDa). Nuclear extract membranes were probed for CycT1
(75 kDa), p-p65 (65 kDa), total p65 (65 kDa), and b-actin
(42 kDa). Membranes were blocked in 5% nonfat milk
(NFM) for at least 1 h and blotted overnight with mouse
anti-human CycT1 antibody (sc-271348; Santa Cruz Bio-
technology), rabbit anti-human p-p65 (3033S; Cell Signaling),
rabbit anti-human p65 (8242S; Cell Signaling), mouse anti-
human p-IjBa (9246S; Cell Signaling), mouse anti-human
IjBa (48145S; Cell Signaling), and rabbit anti-human b-actin
(ab8227; Abcam) antibodies in 5% NFM. Membranes were
washed 3 · with PBS with 0.05% Tween 20 and then blotted
for 1 h with HRP anti-rabbit or -mouse Immunoglobulin G
(IgG) (Sigma Aldrich), in 5% NFM. After washing 3 · with
PBS with 0.05% Tween 20, membranes were treated with
enhanced luminol-based chemiluminescent (ECL) Plus che-
miluminescence reagent (Promega) for 5 min and imaged
using Odyssey Fc imaging system and Image Studio software
(LI-COR). Reprobed membranes were stripped with NewBlot
Stripping Buffer (LI-COR) and then washed 3 · with PBS.

Statistical analysis

Statistical analysis was performed using a Student’s t-test,
two-tailed distribution, and assuming equal variances.

Results

Bortezomib reactivates latent HIV in a primary CD4+ T
cell model of HIV latency

Using our established HIV latency model in human CD4+
T cells,14 we sought to determine if bortezomib would
reactivate latent HIV at concentrations well below the re-
commended clinical doses for the treatment of multiple
myeloma.35 T cells were activated and infected with VSV-G-
pseudotyped NL4.3 HSA R+E- (NL4.3 HSA), HIV virus
which expresses the murine HSA and allows reactivated cells
to be identified using flow cytometry. Following infection,
IL-2 concentrations were reduced over the course of 12 days
from 30 to 2 U/mL, which drives the cells into quiescence and
HIV into a latent, transcriptionally silent state.14 HSA on the
surface of infected cells was minimal (Fig. 1, lane 2). Cells
treated with the positive control PMA and PHA expressed
2.4-fold increased levels of HSA (Fig. 1, lane 3). Further-
more, cells treated with a potent PI, MG132, expressed 6.5-
fold increased levels of HSA (Fig. 1, lane 4). Cells treated
with bortezomib responded in a dose-dependent manner
(Fig. 1, lanes 5–8), and 0.5 nM bortezomib resulted in five-
fold increased levels of HSA, similar to the MG132 control
(Fig. 1, lane 8). Overall, we conclude that bortezomib ro-
bustly reactivated latent HIV at relatively low concentrations.

FIG. 1. Bortezomib reactivates latent HIV in a primary CD4+ T cell model of HIV latency. Human primary CD4+ T cells
were infected with VSV-G-pseudotyped HIV NL4.3 HSA and maintained over 12 days with decreasing concentrations of
IL-2 to establish latency as previously described.14 Uninfected cells were maintained in the same conditions. At 12 days
postinfection, cells were stimulated for 24 h with DMSO, PMA and PHA, MG132, and bortezomib at the indicated
concentrations. Cells were stained with anti-HSA antibody and measured by FACS. Data are presented as the percentage of
cells positive for HSA expression. Experiments were repeated with three independent donors, each with three technical
repeats. A representative experiment from a single donor is presented. Error bars represent standard error of the mean
(***p < .001, **p < .01). DMSO, dimethyl sulfoxide; FACS, flow cytometry analysis; HSA, heat stable antigen; IL-2,
interleukin 2; PHA, phytohemagglutinin; PMA, phorbol myristate acetate; VSV-G, vesticular stomatitus virus G protein.
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Bortezomib does not activate uninfected CD + T cells

There is a risk that compounds which reactivate latent HIV
might also induce global T cell activation. The most suc-
cessful LRAs have been PKC agonists, such as ingenol,
which at their effective concentrations also potently activate
T cells.14,20,21 A previous study reported no activation of T
cells when treated with bortezomib.30 It was important to
verify that expression of CD69 was not elevated in our sys-
tem. While uninfected T cells treated with the positive con-
trol PMA and PHA had 6.3-fold increased CD69 levels
(Fig. 2A, lane 2), cells treated with MG132 or increasing
concentrations of bortezomib did not (Fig. 2A, lanes 3–7).
Even cells treated with a maximal dose of 5 nM bortezomib
did not increase the expression of CD69 over unstimulated
controls (Fig. 2A, lane 1 compared to lane 7). PI treatment
was mildly toxic to cells, as MG132 and all concentrations of
bortezomib tested reduced cell viability (Fig. 2B, lanes 3–7).
We concluded that bortezomib treatment does not stimulate T
cell activation, which suggests that it will not induce systemic
T cell activation.

Combination therapy with SAHA, JQ1, PMA,
or kansui does not increase latent HIV reactivation
by bortezomib in a primary CD4+ T cell model
of HIV latency

Combinatorial strategies, combining LRAs that function
through different cellular mechanisms, were successful for
ingenol and kansui.14,36 PKC agonists increase levels of ac-
tive and inactive P-TEFb. Thus a PKC agonist can be com-
bined with compounds that activate P-TEFb. In this way,

lower concentrations of both compounds can be used to re-
activate latent HIV to levels previously only achieved by high
concentrations of a single agent.

Preliminary studies to test suboptimal concentrations of
bortezomib with low concentrations of SAHA (0.5 lM) or
JQ1 (0.1 lM) yielded no increase in HSA expression over
cells treated with bortezomib alone (data not shown). Con-
centrations of SAHA and JQ1 were thus increased to nor-
mally effective concentrations (1 lM). Alone neither SAHA
(Fig. 3A, lane 2) nor JQ1 (Fig. 3B, lane 2) induced significant
expression of HSA. Furthermore, neither the addition of
SAHA (Fig. 3A, lane 4) nor JQ1 (Fig. 3B, lane 4) increased
HSA expression induced over bortezomib alone (Fig. 3A, B,
lane 3).

Synergistic combinations with PKC agonists have been
well described.23,24 Since bortezomib had no obvious syn-
ergy with compounds that activate P-TEFb, we next tested
whether compounds that increase P-TEFb expression sy-
nergized with bortezomib. High concentrations of PKC
agonists are known to robustly activate CD4+ T cells
without requiring further stimulation. Thus, suboptimal
concentrations of PMA and kansui were tested with borte-
zomib to determine if combination therapy would enhance
bortezomib’s activity. Alone, neither lower concentrations
of PMA (Fig. 3C, lane 2) nor kansui (Fig. 3D, lane 2) in-
duced significant expression of HSA. Furthermore, neither
the addition of PMA (Fig. 3C, lane 4) nor kansui (Fig. 3D,
lane 4) increased HSA expression over that induced by
bortezomib alone (Fig. 3C, D, lane 3). Taken together, these
results indicate that bortezomib alone is sufficient to re-
activate latent HIV.

FIG. 2. (A) Bortezomib does not acti-
vate uninfected CD + T cells. Uninfected
human primary CD4+ T cells were
stimulated for 24 h with DMSO, PMA
and PHA, MG132, or bortezomib at the
indicated concentrations. Cells were
stained with anti-CD69 antibody and
measured by FACS. (B) Percent viability
was estimated using forward/side scatter
and the percentage of live lymphocytes
in 10,000 total cells analyzed. Data are
presented with viability of untreated cells
set to 100%. Experiments were repeated
with three independent donors, each with
three technical repeats. A representative
experiment, from a single donor, is pre-
sented. Error bars represent standard er-
ror of the mean (***p < .001, **p < .01).
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Bortezomib increases levels of CycT1
and activates NF-kB

While it has been previously reported that treatment with
PIs increases cellular expression of CycT1, its additional
cellular effects are less well established.25 In primary human
PBMCs, bortezomib increased cellular P-TEFb levels, as
determined by a 17.7-fold increase in the expression of
CycT1, when normalized to the differences in b-actin ex-
pression (Fig. 4A, lane 2).

NF-jB activation occurs through phosphorylation of its
inhibitory IjBa, which releases p65-p50 NF-jB hetero-
dimers, which are then phosphorylated and translocated into
the nucleus.37 Treatment of PBMCs with the positive control
PMA and PHA induced a 2.3-fold increase in phosphorylated
IjBa (Fig. 4B, lane 2) and a 1.5-fold increase in phosphor-
ylated p65 (Fig. 4C, lane 2). An additional positive control
TNFa induced a 2.1-fold increase in phosphorylated p65
(Fig. 4C, lane 3). Treatment with MG132 resulted in a 12.2-

fold increase in phosphorylated IjBa (Fig. 4B, lane 3) and a
2.2-fold increase in phosphorylated p65 (Fig. 4C, lane 4).
Bortezomib treated cells had a 14.1-fold increase in phos-
phorylated IjBa (Fig. 4B, lane 4), as well as a 1.5-fold
increase in phosphorylated p65 (Fig. 4C, lane 5). Therefore,
in addition to increasing levels of P-TEFb, bortezomib ac-
tivates NF-jB. This finding provides two mechanisms by
which bortezomib activates HIV transcription and re-
activates latent HIV.

Discussion

In this study, we determined that the PI bortezomib re-
activates latent HIV in CD4+ T cells. Although bortezomib
reactivated HIV potently, it did not increase expression of
CD69, indicating that it does not activate T cells. While most
LRAs benefit from therapeutic combinations of compounds
which are mechanistically distinct, bortezomib was sufficient
to reactivate latent HIV as a solo treatment. The efficacy of

FIG. 3. Combination therapies with SAHA, JQ1, PMA, or kansui do not increase latent HIV reactivation by bortezomib.
Human primary CD4+ T cells were infected with VSV-G-pseudotyped HIV-1 NL4.3 HSA and maintained over 12 days
with decreasing concentrations of IL-2 to establish latency as previously described.14 Uninfected cells were maintained in
the same conditions. At 12 days postinfection, cells were stimulated for 24 h with: (A) bortezomib and SAHA,
(B) bortezomib and JQ1, (C) bortezomib and PMA, and (D) bortezomib and kansui. Cells were stained with anti-HSA
antibody and measured by FACS. Data are presented as a fold change in HSA expression over uninfected control cells.
Experiments were repeated with three independent donors, each with three technical repeats. A representative experiment,
from a single donor, is presented. Error bars represent standard error of the mean (**p < .01). nd, no difference.
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bortezomib was unaffected by the addition of SAHA, JQ1,
PMA, or kansui. Bortezomib treatment increased levels of
P-TEFb and activated the NF-jB pathway. Taken together,
our results indicate that bortezomib is an ideal candidate to
reactivate latent HIV.

Many compounds tested for their latency reversing potential
have proven insufficient to reactivate HIV alone.16,17 A subset
of LRAs, such as SAHA and JQ1, activates HIV by inducing
chromatin stress, which releases and activates P-TEFb.11,12

These compounds are unable to function if there is insufficient
P-TEFb in cells, as is the case with resting T cells.14,25

Therefore, these compounds require a second stimulation with
compounds that increase levels of P-TEFb to mediate their
effects. In sharp contrast, bortezomib did not require a second
compound to reactivate HIV fully. When combined with
SAHA, JQ1, PMA, or kansui, there was no additional activa-
tion observed, indicating that bortezomib is sufficient to re-

activate latent HIV on its own. This may arise from the dual
mechanisms that bortezomib treatment induces. It increases
protein expression of the CycT1 subunit of P-TEFb and also
activates the NF-jB pathway, which itself requires active
P-TEFb. Thus, bortezomib is capable of increasing and acti-
vating P-TEFb without the addition of a second LRA. Despite
the robust activation suggested by these two mechanisms, cells
treated with bortezomib did not increase expression of the
early T cell activation marker, CD69. This finding is supported
by other studies of PI in CD4+ T cells, which also showed no
induction of CD69 or CD25 following PI treatment.30,31 Thus,
although bortezomib activates cells by multiple mechanisms,
it does not result in global T cell activation and suggests that
treatment with bortezomib will not induce systemic inflam-
mation or cytokine storm.

The results of this study support and build upon recent
work by others on the role of PIs and HIV.25,30,31 Li et al.

FIG. 4. Bortezomib increases Cyclin T1 and activates NF-jB. (A) Human PBMCs were stimulated for 24 h with DMSO
and bortezomib. Nuclear extracts were prepared and run on 10% SDS-PAGE. Membranes were probed for anti-human
CycT1 and b-actin. Densitometry was performed and normalized to b-actin, and the expression in untreated controls was set
to 1. All samples represented were run on the same gel (space indicates lanes omitted from the figure). (B) Human PBMCs
were stimulated for 9 h with DMSO, PMA and PHA, MG132, and bortezomib at indicated concentrations. Nuclear extracts
were prepared and run on 10% SDS-PAGE. Membranes were probed for anti-human ph-IjBa, total IjBa, and b-actin.
Densitometry was performed and normalized to total IjBa and b-actin, and the expression in untreated controls was set to 1.
(C) Human PBMCs were stimulated for 1 h with DMSO, PMA and PHA, MG132, TNFa, and bortezomib at indicated
concentrations. Nuclear extracts were prepared and run on 10% SDS-PAGE. Membranes were probed for ph-p65, total p65,
and b-actin. Densitometry was performed and normalized to total p65 and b-actin, and the expression in untreated controls
was set to 1. Results are representative of Western blots from three healthy donors. NF-jB, nuclear factor jB; PBMCs,
peripheral blood mononuclear cells; SDS-PAGE, sodium dodecyl sulfate–polyacrylamide gel electrophoresis; TNFa, tumor
necrosis factor alpha.
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described effects of bortezomib treatment on ELL2, a protein
subunit of the super elongation complex.30 In this report,
bortezomib treatment did not affect P-TEFb levels. While
these data appear to conflict with our results (Fig. 4A), it is
important to note that this study used immortalized Jurkat T
cell lines, which already express abundant NF-jB and
P-TEFb without additional stimulation,15 and they did not
test P-TEFb levels in primary cells. While our study utilized
primary T cell models of HIV latency,14 we did not test lower
concentrations of bortezomib on patient samples. In all of our
previous studies, we found that conditions that reactivated
latent HIV in this model were equally effective in PBMCs
isolated from HIV+ ART suppressed patients.14 In addition,
Li et al. demonstrated that 10- to 100-fold higher concen-
trations of bortezomib reactivated latent HIV in HIV+ ART
suppressed patient samples.30 Thus, our in vitro primary cell
latency model provides an appropriate proxy for responses in
patient samples.

Although bortezomib affected cell viability (Fig. 2B), this
finding is less concerning given the clinical use of this drug.
Indeed, bortezomib has proven successful in the treatment of
multiple myeloma.26 The most frequently reported severe
side effect of bortezomib affects the nervous system.27 A
subset of patients experience adverse neuropathic symptoms
and respond well to bortezomib dose reduction. However,
roughly 5% of patients are forced to halt therapy.28,29 Fol-
lowing bortezomib cessation, this neuropathy is reversible
and is resolved after a median of 2–3 months. Despite these
side effects, the efficacy of bortezomib against multiple
myeloma has led to its continued use.26 Next generations of
similar PIs, including carfilzomib and ixazomib, have been
equally effective as bortezomib without the associated neu-
ropathy.27,38 In fact, Li et al., demonstrated that carfilzomib
had similar efficacy reactivating latent HIV as bortezomib.30

As the prospect of proteasomal inhibition for the treatment
latent HIV is further explored, it will be important to consider
alternate PIs, which reduce unwanted clinical side effects and
toxicity.

A full picture of the regulation of P-TEFb and CycT1
expression in resting T cells is still lacking. While the
mechanisms which degrade cell cycle dependent kinases
(CDKs) are well established, the regulation of P-TEFb is less
well understood. CDKs are stabilized by binding to their
partner cyclins. When these proteins dissociate, they are
quickly degraded.39,40 CDK9 expression is maintained by
heat shock proteins and is less regulated by cell activation
status.41 CycT1 protein expression is dependent on cellular
activation.25 Further understanding of the mechanisms that
regulate P-TEFb, as well as the specific E3 ubiquitin ligases
which target CycT1 for degradation, is important for the
discovery of compounds, which can therapeutically target
this complex.

The final barrier to HIV cure is the persistence of the latent
reservoir, and one strategy to target this reservoir is through
carefully controlled therapeutic reactivation.7 Strategies to
target cancer have been adapted to target HIV. Currently,
gene therapy and chimeric antigen receptor (CAR)-T cell
approaches that have yielded success in cancer models are
being modified to target HIV,42,43 and the aforementioned
ingenol, SAHA, and JQ1 have proven successful in combi-
nation latency reversing strategies in vitro.11,12,21 The po-
tential benefit of a PI, such as bortezomib, is the dual

mechanisms of therapeutic HIV reactivation and inhibition of
further replication of reactivated viruses.31 To persist in cells,
HIV accessory proteins target host restriction factors for
proteasome mediated degradation.32,33 In this way, use of PIs
to reactivate latent HIV also prevents the ability of HIV ac-
cessory proteins to degrade host restriction factors.31 The
effects of bortezomib on CycT1 expression in resting T cells
and reactivation HIV in vitro suggest a possible direction for
clinical research to include targeting the proteasomal ma-
chinery.
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