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Abstract
Mixed lineage kinases (MLKs) are a group of serine-threonine kinases that evolved in part to respond to endogenous and exogenous
insults that result in oxidative stress and pro-inflammatory responses from innate immune cells. Human immunodeficiency virus
type 1 (HIV-1) thrives in these conditions and is associated with the development of associated neurocognitive disorders (HAND).
As part of a drug discovery program to identify new therapeutic strategies for HAND, we created a library of broad spectrumMLK
inhibitors with drug-like properties. Serendipitously, the lead compound, URMC-099 has proved useful not only in reversing
damage to synaptic architecture in models of HAND, but also serves to restore autophagy as a protective response when given
in concert with nanoformulated antiretroviral therapy (nanoART) in persistently infected macrophages. These findings are reviewed
in the context of MLK3 biology and cellular signaling pathways relevant to new HIV-1 therapies.
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The conceptual underpinnings for understanding the intersec-
tion betweenmixed lineage kinase type 3 (MLK3) function and
HIV infection of macrophages are based on the relatively small
size of the viral genome and its evolutionary need to rely on
mechanisms utilized by the host genome to help perpetuate the
viral life cycle. A key feature here is that MLKs respond to
exogenous and endogenous cellular stress and the lifecycle of
HIV-1 in a cellular reservoir is in part driven by oxidative stress.
As with many process of discovery ideas, we were initially
searching for therapeutic targets whose direct or indirect

engagement by HIV-1 in central nervous system (CNS) reser-
voirs might be common to both derangement of MLK3-related
pathways in infected cells and subcellular elements of bystand-
er end organ target cells (neuronal synapses) damaged during
persistent or latent infection. Thus, we were intrigued by an
early paper from (Nguyen et al. 2007) that used the X4 tropic
strain HIV-IIIb and a high throughput screen consisting of a
cDNA library of 15,000 genes to identify novel pro- viral fac-
tors that might be involved in enhancement of HIV-IIIb infec-
tion. Out of 13 host factors identified in this screen, (Nguyen
et al. 2007) chose to focus on the cDNA hit, MLK3
(MAP3K11), based on its already identified roles in pathways
known to be hijacked by HIVand its potential for druggability.
The irony of capitalizing on data from a model system utilizing
an X4 tropic HIV strain that would ultimately result in a drug
discovery program to create a small molecule to inhibit toxic
pro-inflammatory responses and serendipitously augment effi-
cacy of antiviral therapy nanoformulated to improve cellular
uptake in persistently infected mononuclear phagocytes has
made us firm believers in paying attention to the old adage that
Bchance favors a prepared mind.^ While the literature is non-
existent with respect to demonstration of mechanistic links be-
tween R5 HIV strains and MLK3 activation, R5 envelopes do
inducemitogen-activated protein kinase (MAPK)-related genes
(Arthos et al. 2002; Cicala et al. 2002). Notably, R5 envelopes
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can modulate 52 MAPK genes, with the majority belonging to
the p38 subfamily (Cicala et al. 2006). However, to date there
have been no studies that have directly addressed a rela-
tionship between HIV tropism and MLK3 activation in
brain-resident mononuclear phagocytes.

Regardless of the lack of data directly validating roles be-
tween MLK3 and HIV-1 tropism, we speculated that MLK3
activation in response to oxidative and inflammatory stimuli
was sufficient to investigate whether it could play a significant
role in the pathologic effects of HIV infection of mononuclear
phagocytes. Furthermore, we hypothesized that inhibiting ac-
tivation of MLK3 associated pro-inflammatory pathways
could restore homeostasis between innate immune cells and
communication between neuronal synapses damaged during
persistent HIV-1 infection of the CNS.

Earlier in vitro evidence from our laboratories and others
demonstrated that non-selective MLK3 inhibition could be
both anti-inflammatory and neuroprotective against HIV-1
gene products. Specifically, HIV-1 Tat and gp120 have been
shown to induce autophosphorylation of MLK3 (Sui et al.
2006a). HIV Tat- and gp120-induced neuronal apoptosis ap-
pears to be dependent onMLK3, as both genetic ablation using
over-expression of a dominant negative form of MLK3 in neu-
rons or non-selective small molecule inhibition of MLK3 is
neuroprotective in vitro (Bodner et al. 2002; Sui et al.
2006a). Finally, Tat- and gp120-induced MLK3 activa-
tion in monocytes results in increased production of the
pro-inflammatory cytokine tumor necrosis factor alpha
(TNFα) (Sui et al. 2006a). In conclusion, these studies
indicate that the HIV proteins gp120 and Tat can be
directly neurotoxic by activating MLK3 in neurons and
can also increase pro-inflammatory cytokine production in
mononuclear phagocytes with neurotoxic effects. This in-
crease in MLK3 activity may therefore be a major contributor
to neuropathologic mechanisms that are relevant to HIV-1
associated neurocognitive disorders (HAND).

We then used non-selective inhibition of MLK3 with the
first generation MLK3 inhibitor CEP-1347 in the SCID
mouse model of HIV-1 encephalitis (HIVE) (Eggert et al.
2010). CEP-1347 is a semisynthetic small molecule with
anti-apoptotic biologic effects that is an analog of the
indolocarbazole, K252a. CEP-1347 was originally developed
for use in neurodegenerative conditions, most notably
Parkinson’s disease (PD).

Unfortunately, its use in a Phase II trial for PDwas curtailed
because of failure to meet primary endpoints for efficacy
(PRECEPT, 2007) (Neurology 2007). Further analyses sug-
gested that its unfavorable pharmacokinetic (PK) and meta-
bolic profile were likely the underlying causes of futility
in the PRECEPT trial (Goodfellow et al. 2013), but in
no way diminished the importance of one of its primary tar-
gets, MLK, in mediating neurodegeneration for a number of
neurologic diseases.

We used the lessons learned from PRECEPT trial to avoid
pharmacologic confounds we felt contributed to the failure of
CEP-1347. These included its high molecular weight, poor
PK and metabolic profiles, as well as its profile for kinase
inhibition (in particular, CAMK2A, CAMK2D, BRSK2 and
AMPK 2), raising the specter of mutagenic effects during
chronic administration (Goodfellow et al. 2013). By strictly
adhering to standard principles of medicinal chemistry for
small molecule drug design (i.e. Lipinski’s Rule of Five)
(Lipinski et al. 2001), we created a library of small molecules
based on the 7-azaindole group (aka: 1H-Pyrrolo[2,3-b]pyri-
dine) that allowed for rapid optimization of structure-activity
relationships (SAR) to create our 2nd generation broad spec-
trumMLK3 inhibitor, URMC-099. Since MLK3 is expressed
in both innate immune cells and in target cells such as CNS
neurons, we used two highly simplified biologic models of
HIV-1 associated neurocognitive disorders (HAND) that de-
pend on exposure to the neurotoxic HIV-1 protein Tat and not
direct infection of humanmacrophages with HIV-1 to evaluate
the potential for therapeutic efficacy of broad spectrum inhi-
bition of MLK3 using URMC-099: (1) in vitro models of
mononuclear phagocyte activation and neuronal process sim-
plification and cell death in microfluidic chambers; and (2) an
in vivo model of Tat injection into the cortex of irradiation
chimeric mice with fluorescent reporters for mononuclear
phagocytes and neurons to determine whether MLK3 inhibi-
tion could be both anti-inflammatory and neuroprotective.
Thus, we were able to demonstrate that URMC-099 could
reduce inflammatory cytokine production from microglia ex-
posed to HIV-1 Tat, as well as protected neurites from
microglial phagocytosis. In vivo, URMC-099 treatment also
reduced inflammatory cytokine production and preserved
synaptodendritic architecture with decreased microglial
phagocytosis of synaptic elements in response to HIV-1 Tat
exposure (Marker et al. 2013).

While these results were strongly favorable for consider-
ation of URMC-099 or its descendant congeners as adjunctive
therapy for HAND, our remaining hurdle was to evaluate any
potential adverse biologic outcomes from potent MLK3 inhi-
bition during HIV-1 infection that relate to the viral life cycle
and mononuclear phagocyte function, particularly in end or-
gans known to harbor infection. While our simplified models
of HAND allowed us to perform real time imaging of changes
in synaptodendritic architecture and microglial activation in
response to HIV-1 Tat, we needed more sophisticated models
such as humanized mice engrafted with CD34 cells that could
sustain HIV-1 infection.

At the genetic level, early experiments with MLK3 over-
expression increased Tat-dependent gene transcription at the
HIV LTR 7-fold over control conditions, and this increase was
dependent on the MLK3 protein having an intact kinase re-
gion. Furthermore, genetic silencing of MLK3 inhibited viral
replication in vitro (Nguyen et al. 2007). The mechanism by
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which MLK3 increased viral replication appears to be medi-
ated through NF-κβ, which can be activated by MLK3
(Hehner et al. 2000)and directly enhance viral transcription
at the LTR (Yang et al. 1999; Yang and Klionsky 2009).
However, these early experiments focused on the role of
MLK3 in the lymphocyte and not the macrophage.

MLK3 is a serine/threonine mitogen associated protein ki-
nase kinase kinase (MAPKKK) (Gallo et al. 1994), which
ultimately activates Jun-n-terminal kinase (JNK) (Tibbles
et al. 1996). Whether MLK3 also activates the p38 MAPK
(Buchsbaum et al. 2002) remains speculative, since experi-
ments with MLK3 deletion argued against the specificity of
these findings (Brancho et al. 2005; Gallo and Johnson
2002). MLK3 contains a Src-homology-3 domain (SH3)
at the amino terminus, followed by a kinase domain, a
leucine zipper domain, and a proline-rich domain (Gallo and
Johnson 2002). MLK3 is phosphorylated and activated
through homodimerization and autophosphorylation (Leung
and Lassam 1998), along with direct phosphorylation from
upstream Rho family guanosine triphosphatases (GTPases)
(Kant et al. 2011).

Glycogen synthase kinase-3β (GSK-3β), an important ki-
nase linked to inflammation and the progression of
Alzheimer’s disease (Jope et al. 2007), also directly phosphor-
ylates and activates MLK3 in neurons (Mishra et al. 2007).
Additionally, pharmacologic and RNAi inhibition of GSK-3β
in response to LPS treatment of microglia blocked MLK3
signaling pathways via disruption of MLK3 dimerization-
induced autophosphorylation (Wang et al. 2010). HIV-1 Tat
can also activate GSK-3β in neurons to antagonize the NFκB
survival pathway via modification of RelA subunit at ser468
(Sui et al. 2006b). MLK3 can also negatively regulate its own
activity through the interaction of its SH3 domain with its
proline-rich region, resulting in steric hindrance of the kinase
region (Zhang and Gallo 2001).

MLK3 is expressed at basal levels in peripheral immune
cells (Handley et al. 2007), microglia (Wang et al. 2010), and
neurons (Maroney et al. 2001), among other cell types. In
neurons, MLK3 is upregulated and phosphorylated in re-
sponse to trophic factor withdrawal, ROS exposure, and UV
irradiation, three classical activators of JNK (Lotharius et al.
2005; Xu et al. 2001). This increase in MLK3 activity results
in JNK dependent c-Jun up-regulation and activation, which
in turn activates pro-apoptotic pathways, leading to apoptosis
(Dhanasekaran and Reddy 2008). Additionally, JNK activa-
tion is thought to be common to the neuropathogenesis of
Alzheimer’s disease, PD, and other neurodegenerative disease
states (Borsello and Forloni 2007).

As part of our early clinical work with the first generation
non-selectiveMLK3 inhibitor, we used CEP-1347 in conjunc-
tion with the protease inhibitor atazanavir/ritonavir (ATV/r) in
a three-week controlled open-label, multiple dose study with
20 HIV-1-infected patients (Ma et al. 2013). All patients

tolerated CEP-1347 well, with the only reported adverse ef-
fects attributable to ATV/r and tenofovir. At study completion
(day 21), plasma viral load had decreased from 3.80±3.70 to
2.41±2.03 log copies/mL, a finding that because of small sam-
ple size and variability, did not reach statistical significance.
The major findings from this pilot study were that CEP-1347
administration significantly increased both the accumulation
ratio of ATV by 15% and its half-life from 12.7 to 15.9 hours.

These intriguing findings led us to investigate howURMC-
099 might interact with ATV/r. Because nanoformulated
ATV/r (NanoATV/r) was developed expressly to bypass its
very poor pharmacokinetic (PK) profile for penetration into
cellular reservoirs for HIV-1 (Gendelman and Gelbard 2014)
we reasoned that MLK3 inhibition might further augment
desirable PK parameters of NanoATV/r. To model these ef-
fects, we used the NSG CD34-engrafted murine model to
sustain widespread infection of immune cells (Dash et al.
2012). Unexpectedly, we found that, while URMC-099 by
itself had at best modest antiviral effects against HIV-1, when
given with NanoATV/r, viral reservoirs were eliminated in
lymphocyte populations in vivo and strikingly reduced in in-
fected macrophage reservoirs (Zhang et al. 2016).
Additionally, endosomal uptake and retention of NanoATV/r
were significantly increased in the presence of URMC-099
(Zhang et al. 2016).

�Fig. 1 Neuroprotection, anti-inflammatory and antiretroviral putative roles
of the broad spectrumMLK3 inhibitor, URMC-099 in humans; (a) Disease
state of the brain during HIV-1 infection with neuroinflammation and
impaired synaptic communication, (b) cartoon of a brain section with
normal microglia with ramified processes (green). After HIV-1 Infection
microglia become amoeboid losing their ramified processes (red). During
HIV infection viral proteins, other cellular metabolites such as pro-
inflammatory cytokines and chemokines disrupt normal neural function
and perpetuate brain inflammation. Eventually all these toxic metabolites
contribute to synaptodendritic damage. c A magnified cartoon depicts the
HIV-I entry process in microglia through interactions between the
chemokines CCR5 or CXCR4 and HIV-1 envelope glycoprotein gp120.
(d-e) Panel D depicts the effects of nanoformulated ART alone after
endosomal uptake in an HIV-1 infected macrophage. Panel E depicts the
synergistic effect of URMC-099 and nanoformulated antiretroviral therapy
(nanoART) results in neuroprotection and anti-inflammatory effects
associated with increased cell viability, as well as retention of nanoART
inmononuclear phagocytes associatedwith enhanced antiretroviral activity.
This very complex process occurs in the setting of HIV-1 infection where
nuclear translocation and integration of the viral DNAwith the host genome
occurs, followed by transcription and translation of viral genes. In
particular, HIV-1 Nef protein gets assembled into the budding immature
virion during the maturation process. Nef augments viral replication by
sequestering TFEB in the cytoplasm, which inhibits autophagy by
preventing production of autophagosomes and fusion with lysosomes that
would normally allow the infected cell to dispose of immature virions.
However, when URMC-099 is administered with nanoART, it reverses
Nef-mediated sequestration of TFEB in cytoplasm via an as yet
unknown, but presumably mixed lineage kinase-mediated mechanism,
and allows production of autophagosomes with lysosomal biogenesis.
This in turn allows virucidal concentrations of nanoART to accumulate in
endosomal depots for prolonged periods of time, and effectively shuts
down persistent infection in macrophages
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Macrophages and monocytes play a vital role in HIV in-
fection, serving as persistently-infected viral reservoirs despite
cART therapy, and thus contribute to disease progression
(Alexaki et al . 2008; Deng and Sil iciano 2014).
Macrophages harbor diverse viral phenotypes with multiple
co-receptor and cell tropism usage during HIV-1 infection
(Abbas et al. 2015). Their long lifespan, ability to cross the
blood-brain barrier and their capabilities of mounting an in-
flammatory response could reactivate HIV replication from
latently infected cells; all properties that make them excellent
reservoirs for persistent HIV-1 infection (Clayton et al. 2017;
Fischer et al. 2014; Zaikos and Collins 2014). These factors

highlight the need for an improved method of drug delivery
system that can extend drug half-life and successfully elimi-
nate viral dissemination from HIV reservoirs. Having previ-
ously demonstrated that nanoformulated ARVs co- adminis-
tered with URMC-099 successfully extended drug half-life,
we then investigated the ability of URMC-099 to aid in the
maintenance of nanoformulated ARV depots in HIV-infected
monocyte-derived macrophages (MDMs). URMC-099
facilitated a four-fold reduction in virion production
and reduced multinucleated giant cell formation when
administered to HIV-infected MDMs along with a sub-
therapeutic dose of nanoATV.
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URMC-099 can affect JNK phosphorylation which forms
an integral part of signalsomes that determine cell fate
(Marker et al. 2013), autophagy being one such pathway (Su
et al. 2016). HIV is known to inhibit the mechanism of au-
tophagy, which in turn aids viral replication in host cells
(Brass et al. 2008). Autophagy, one of the two intracellular
degradation pathways, is deployed during cellular stress such
as nutrient starvation, hypoxia, viral infection and endoplas-
mic reticulum (ER) stress (Yang and Klionsky 2009).
Although there are three primary types of autophagy (micro-,
macro-and chaperone-mediated autophagy) observed inmam-
malian systems, they all function to sequester and deliver po-
tentially deleterious cargo to the lysosome for degradation. Of
the three pathways, macroautophagy is a unique process
where the de novo synthesis of intracellular vesicles known
as autophagosomes enable cargo sequestration. Under nutrient
rich conditions, MTORC1 kinase (the mechanistic target of
rapamycin complex 1 associates with kinase complexes that
are involved in the initiation of autophagy. But cellular stress
such as starvation induces the dissociation of MTORC1
allowing dephosphorylation of the sites involved in autophagy
(Hosokawa et al. 2009). Further, under normal/nutrient rich
conditions, MTORC1 sequesters a transcription factor EB
(TFEB), in the cytoplasm. Upon nutrient deprivation, TFEB
undergoes nuclear translocation and enhances expression of
genes involved in autophagy and lysosomal function (Martina
et al. 2012), resulting in the de novo synthesis of vesicle mem-
branes called phagophores, which begin to expand and grow
spherically through the combined action of the microtubule
associated protein 1 light chain 3 β (LC3B) protein and phos-
phatidylinositol 3-kinase, beclin 1 (BECN1) (Yang and
Klionsky 2009). Following the induction of phagophores,
they undergo a poorly understood maturation process that en-
ables the vesicles to close off around the cargo (forming
autophagosomes) and then enable the fusion of these vesicles
to lysosomes.

Several mechanisms have been proposed for this process,
including the components of soluble N-ethylmaleimide-
sensitive fusion attachment protein receptors (SNARE) such
as VAM7 and VAM9, which could play a part in the fusion of
autophagosomes with lysosomes (Fader et al. 2009). This
highly dynamic intracellular process controls inflammation
through the removal of inflammasome activators (such as
damaged or surplus organelles) and by inhibiting both activa-
tion of pro-IL-1 and the secretion of IL-1 (Harris et al. 2011;
Nakahira et al. 2011).

Distilling these very complex signaling pathways into a
logical framework that fit with what we were observing in
our experimental paradigms, we reasoned that URMC- 099
was acting via kinase signaling pathways in HIV-infected
macrophages exposed to nanoART. We observed that
URMC-099, when co-administered with therapeutic levels
of nanoATV, could reverse the inhibitory effect of HIV-1 on

TFEB nuclear translocation in an MTORC1-dependent man-
ner. In line with our hypothesis, we observed that TFEB trans-
location to the nucleus up-regulated the expression of autoph-
agy markers such as LC3B and BECN1while maintaining the
expression of sequestosome 1 (SQSTM1) (the degradation of
which marks the end of autophagy) in HIV-infected MDMs.
Because previous reports have demonstrated that HIV-1 Nef
protein plays a vital role in the inhibition of autophagy by
sequestering TFEB in the cytoplasm (Campbell et al. 2015),
we speculated that reversal of HIV-1 Nef’s effects on cyto-
plasmic TFEB sequestration might be responsible for URMC-
099’s ability to restore autophagy in HIV-1 infected macro-
phages exposed to nanoformulated antiretroviral therapies.
Interestingly, Nef has been shown to dysregulation au-
tophagy in astrocytes and can be released in extracellu-
lar vesicles from astrocytes to mediate neurotoxicity
(Sami Saribas et al. 2017; Sardo et al. 2015). These findings
have important implications for the pathogenesis of HAND
and may be additional targets for the therapeutics effects of
URMC-099 in the CNS.

Our encouraging results prompted us to test the effect of
stimulating autophagy in vivo in our humanized CD34-
engrafted, HIV-1 infected murine model (Dash et al. 2012)
using a different class of cART, i.e. integrase inhibitors. The
HIV-infected humanized NOD/SCID IL-2Rγc-null (NSG)
mice were treated with a single intra muscular dose of
nanoformulated dolutegravir (DTG), (aka, nanoDTG) with
or without URMC-099. A 52-fold increase in the plasma level
of the drug was observed in mice also receiving
URMC-099 (Gnanadhas et al. 2017). Also, an increase
in Tfeb gene expression was observed in in spleen and
liver as well as increased expression of autophagy
markers such Map1lc3b, Becn1 and Sqatm1. Taken to-
gether, these results demonstrated that URMC-099’s
ability to restore autophagy in vivo is associated with
increased levels of nanoDTG, suggesting that it may be pos-
sible to ultimately combine URMC-099 with nanoformulated
antiretrovirals to achieve sustained suppression of persistently
infected cellular reservoirs of HIV-1.

Thus, this study not only suggested a possible autophagy-
driven mechanism of how URMC-099 might interfere with
the viral life cycle in the presence of nanoformulated cART
(Figure 1, cartoon), but also highlights the importance of
harnessing autophagy in our quest for improved and efficient
drug-delivery systems that represent the next generation of
cART’s ability to improve endosomal trafficking has shown
to be key in enhancing the activity of nanoformulated drugs.
One possibility that we are actively investigating is that
URMC-099 inhibits kinase-mediated suppression of tran-
scription factors TFEB and TFE3 in activated macrophages
and microglia, allowing these two transcription factors to
work together to induce autophagy and lysosomal biogenesis
(Pastore et al. 2016).
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Having provided extensive correlative evidence that
co-administration of URMC-099 up-regulates levels
nanoformulated antiretroviral medicines as an autophagy in-
ducer (AI), presumably by reversal of a Nef-mediated seques-
tration of cytoplasmic TFEB (Figure 1, Panel E), the question
of whether URMC-099’s effects could be mimicked by other
pharmacologic agents that induce autophagy became para-
mount, as well as how URMC-099 would compare overall to
AIs with respect to overall efficacy. In this study (Thomas et al.
2018), a well-characterized in vitro model of MDM ± HIV-
1ADA infection was utilized to compare URMC-099 with
rapamycin, 2-hydroxy- -cyclodextrin (HBC), clonidine, metfor-
min and desmethylclomipramine (DMC) on parameters of met-
abolic health (i.e. mitochondrial dehydrogenase,MTT), autoph-
agy and depot size and retention of endosomal nanoATV.While
AIs such as HBC, clonidine and rapamycin exhibited favorable
augmentation of parameters that would boost PK parameters of
nanoATV, and metformin is currently in a clinical trial in com-
bination with maraviroc to treat hepatic steatoses in people with
HIV-1 (ClinicalTrials.gov Identifier: NCT03129113), the
aggregate effects of URMC-099 in all these assays demonstrate
that it is superior to the other AIs, with the added benefit of
being anti-inflammatory and cyto- and neuroprotective
(Goodfellow et al. 2013; Marker et al. 2013; Tomita et al.
2017; Ibrahim et al. 2016).

Thus, URMC-099, with its broad spectrum of inflammato-
ry kinase inhibitory activity, has the potential to decrease drug
dosages with respect to nanoART treatment for HIV-1, which
in turn may decrease cART-related toxicity and further aug-
ment nanoART antiviral efficacy in persistently infected mac-
rophage reservoirs. Additionally, other diseases where TFEB
has been identified as a therapeutic target such as
Alzheimer’s, Parkinson’s and Huntington’s may benefit
from URMC-099 therapy. The observation that all these
neurodegenerative diseases, as well as HAND, share the
common feature of microglial activation suggests that
URMC-099’s unique broad spectrum of anti-inflammatory
activity may significantly extend its therapeutic utility
for diseases that share macrophage activation as a pathogenet-
ic characteristic.
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