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Abstract
By July 17, 2021, the human immunodeficiency virus (HIV) has claimed more
than 36.3 million lives worldwide. Currently, an estimated 38 million people
are living with HIV. Although 67% of these infected individuals (approximately
25 million people) have been receiving antiretroviral therapy (ART), and 59%
(around 22 million) have successfully suppressed the HIV replication with no
risk of spreading to others, still, 10-40% of such aviremic HIV patients are
suffering from persistent inflammation. Such chronic immune activation con-
tributes to HIV-associated neurocognitive impairment, resulting in loss of life
quality during ageing.

This thesis addresses the mechanisms of the proinflammatory effector TACE
secretion into extracellular vesicles (EVs) triggered by HIV accessory protein
Nef. Such TACE-containing circulating EV levels are associated with low
CD4+ T cell counts in aviremic HIV patients. In addition, the results reveal
that HIV-1 Nef activates Src family kinase member Hck to promote the EV
packaging of TACE, and such TACE secretion utilizes an unconventional
Golgi bypass route. Moreover, this thesis unveils the roles of the Raf-MEK-
ERK kinase cascade in HIV-induced TACE secretion. Clinically approved
MEK inhibitors could suppress HIV-driven EV packaging of TACE signifi-
cantly. Lastly, this study identifies a molecular structure in Nef, termed “R-
clamp,” playing a pivotal role in the SH3 domain-mediated interaction be-
tween Nef and Hck.

This thesis supplies evidences supporting a hypothesis that the Nef protein
of HIV-1 is involved in HIV-induced chronic immune activation. Besides, this
study offers a potential novel strategy for treating such HIV-associated im-
mune activation.
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Abbreviations
ADAM17 a disintegrin and metalloprotease 17, aka TACE
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PM plasma membrane
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PN Gase F peptide-N-glycosidase F
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SH2 Src homology 2 domain
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SIV simian immunodeficiency virus
TACE TNFα converting enzyme, aka ADAM17
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TNFα tumor necrosis factor alpha
UPR unfolded protein response
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WB Western blot
XBP1 X-box binding protein 1
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Introduction
1.1 Human immunodeficiency viruses (HIV)
1.1.1 The origin of HIV
The acquired immune deficiency syndrome (AIDS) was first formally reported
in 1981 in the USA [1]. In 1983, virologists Luc Montagnier, Françoise Barré-
Sinoussi, and colleagues identified a retrovirus isolated from a patient with
AIDS and termed it lymphadenopathy-associated virus (LAV) [2]. In 1984,
another virologist, Robert Gallo, published a set of papers and reported a
retrovirus called human T-lymphotropic virus type 3 (HTLV-III) linked to AIDS
[3, 4]. LAV and HTLV-III are known today as HIV-1. In 1985, Daniel et al.
found AIDS-like symptoms in captive macaques and isolated HIV-like viruses
from these monkeys [5], suggesting HIV could be derived from non-human
primate viruses. In 1986, Clavel et al. detected a new kind of human retrovi-
rus from West Africa, termed HIV-2, which could also trigger AIDS syndrome
but was genetically and antigenically distinct from HIV-1 [6]. This retrovirus
was able to cause AIDS but in a less aggressive form.

Subsequently, simian immunodeficiency viruses (SIVs) showing a close re-
lationship with HIV-1 and HIV-2 were found in chimpanzees and sooty man-
gabeys [7, 8]. Moreover, a study suggested that Asian macaques are not
natural hosts of SIV but are infected with SIVsmm from sooty mangabeys at
U.S. primate centers due to a cross-species transmission accident [9]. Fol-
low-up studies revealed the existence of SIVs in more than 40 nonhuman
primate species from sub-Saharan Africa [10]. Based on current knowledge,
only three primate species (chimpanzees, gorillas, and sooty mangabeys)
have transmitted their SIVs to humans (Figure 1). Chimpanzees and gorillas
spread their viruses (SIVcpz and SIVgor) to humans, generating the HIV-1
groups M, N, O, and P [11]. At least 9 transmission events happened from
SIVsmm-infected sooty mangabeys to humans, giving rise to the HIV-2 A, B,
C, D, E, F, G, U, and 01_AB groups [12]. Among all the HIV-1 and HIV-2
groups, only HIV-1 group M is pandemic, accounting for >98% of all human
infections [11]. HIV-1 M group consists of 10 subtypes (A, B, C, D, F, G, H,
J, K, and L) as well as circulating recombinant forms (CRFs) of these sub-
types [11, 13]. The global distribution of major HIV subtypes is shown in Ta-
ble 1 [14].
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Table 1. Global distribution of major HIV-1 M subtypes.

subtypes Global distribution

A East Africa, Russia, and former Soviet Union countries

B Europe, Americas, and Oceania

C Southern Africa and India

CRF01_AE Asia

CRF02_AG Western Africa

Figure 1. Cross-species transmission events preceding the appearance of HIV-1 and HIV-
2. Abbreviations: cpz-chimpanzees; gor-gorillas; rcm-redcapped mangabeys; gsn-golden
snub-nosed monkeys; mon-mona monkeys, mus-mustached monkeys; smm-sooty manga-
bey monkeys. SIVcpz is a recombination from 3 different SIV strains (unknown SIV,
SIVgsn/mon/mus, and SIVsmm). Figure drawing is inspired by [15].
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1.1.2 Cellular targets of HIV infection
HIV can infect multiple cell types in vitro, such as lymphocytes, monocytes,
dendritic cells (DCs), eosinophils, megakaryocytes, astrocytes, and microglia
[16]. However, in vivo, HIV consistently prefers to infect CD4+ T lympho-
cytes, monocyte/macrophage lineage cells, and dendritic cells expressing
CD4 receptor and CCR5/CXCR4 co-receptors on their cell surfaces [17, 18].
HIV viruses are grouped into 3 types: R5 (CCR5-tropic), X4 (CXCR4-tropic),
and X4R5 (duo-tropic) based on their different co-receptor preferences. HIV
usually employs CCR5 (R5-tropic) for entry into host cells (such as macro-
phages and activated T helper cells) during the early stages of infection (2-4
weeks after first exposure) [19]. However, the viruses may switch to X4-tropic
or X4R5-tropic strains in infected individuals in the following years [19].

1.1.3 HIV structure
The main structure of HIV involves an envelope, a capsid, and 2 copies of
single-strand (+) genome RNAs (Figure 2). Both HIV-1 and HIV-2 have
genes encoding structural proteins (Gag, Pol, and Env), viral regulator pro-
teins (Tat and Rev), and accessary proteins (Nef, Vpr, Vif, and Vpu/Vpx).
Vpu is unique to HIV-1, while HIV-2 and most SIV strains comprise Vpx in-
stead.

The 55 kDa Gag precursor protein recruits 2 copies of viral genomic RNA
and other cellular and viral proteins and triggers the budding of viral particles
from the plasma membrane. Subsequently, the 55kDa Gag is cleaved by a
viral protease generating 4 new structural proteins: matrix, capsid, nucle-
ocapsid, and p6 [20]. A reading frame shift causes the Gag-Pol precursor.
Pol is cleaved from the Gag-Pol precursor by a viral protease during viral
maturation and subsequently digested into protease, reverse transcriptase,
RNase H, and integrase [21].



15

Figure 2. Genome and structure of HIV. (A) The relative position of genes gag, pol, env,
and nef in HIV genome. Abbreviations: MA-matrix protein (p17), CA-capsid protein (p24),
NC-nucleocapsid protein (p9), p6-p6 protein, PR-protease, RT-reverse transcriptase, IN-in-
tegrase, SU-gp120, TM-gp41. (B) The structure of HIV virion. HIV viral genes vif, vpr,
vpu/vpx, tat, and rev and their translational products are not shown in this figure. Adapted
from [22].

Env is a glycoprotein, and its glycosylation is essential for HIV infectivity [23].
After expression and glycosylation, the Env gp160 is cleaved by a cellular
protease generating gp41 and gp120 (Figure 2). Three pairs of gp41 and
gp120 dimers form a trimeric spike complex on the surface of viruses, playing
a critical role in CD4 receptor interaction and CD4+ cell infection [24]. In ad-
dition to the CD4 receptor, the gp120 interacts with a protein, termed DC-
SIGN, expressed on the plasma membrane of dendritic cells. Such interac-
tion may allow HIV to transport to lymphoid tissues and infect CD4+ T cells
in a “hitchhiking” way [25].

1.1.4 Nef
Nef is a non-enzyme accessory protein encoded by HIV-1, HIV-2, and SIV
[26]. All these primate retroviruses require the Nef protein for their pathogen-
esis in vivo. Nef is a multi-functional protein and can trigger complex changes
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in cellular trafficking, gene and receptor surface expression, antigen presen-
tation, and signal transduction [27]. In general, multiple Nef effects contribute
to delaying the elimination of HIV-1-infected cells by the immune system to
turn them into more effective producers of fully infectious virions and make
the cellular environment more favourable for viral spread [28].

It is known that more than 50 proteins can interact with Nef in human cells
[29]. Motifs in Nef (Figure 3) bind to their cognate partners, allowing Nef to
play a regulatory role in cell membrane trafficking and kinase activation.

Figure 3. HIV-1 Nef motifs and their functions. Figure drawing is inspired by [30].

In HIV-1-infected CD4+ T cells, Nef down-modulates CD4, MHC-I, and (less
efficiently) CD28 and CXCR4 (CXCL12 receptor) from the cell plasma mem-
brane by recruiting these receptors to the endocytic machinery or by rerout-
ing them to lysosomes for degradation [31]. These Nef functions protect vi-
rally infected helper T cells against cytotoxic T lymphocytes (CTL)-induced
cell lysis, reduce cell migration in response to the chemokine SDF-1
(CXCL12), prevent superinfection, and may facilitate the release of fully in-
fectious virions (Figure 4).
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Figure 4. Main functions of Nef in CD4+ T cells. Nef down-modulates MHC-I, CD4, CD28,
CXCR4, and CD3 from the cell surface of infected CD4+ T lymphocytes by recruiting them
to the endocytic machinery. Nef reduces CTL-triggered cell lysis, suppresses cell migration,
facilitates virus release, and modulates signal transduction by the immunological synapse
between a T cell and an antigen-presenting cell (APC). Moreover, Nef interacts with cellular
kinases and induces downstream signaling events to mediate T cell activation; to induce
rearrangements of the actin skeleton; to activate transcription factors, such as NF-AT, NF-
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κB, and AP-1; and to render the efficient transcription of the viral LTR promoter and cellular 
genes, including those encoding inflammatory cytokines, death receptors/ligands, and im-
mune checkpoints. Nef also directly enhances the infectivity of progeny virions. TCR: T cell 
receptors. *: only HIV-2 and most SIV Nefs could down-modulate CD3. Figure drawing is 
inspired by [28]. 

1.1.4.1 The role of Nef in cell membrane trafficking
Nef proteins utilize the N-terminal myristoylation of glycine residue at position
2 to associate with cell membranes [32]. The Nef anchor domain (residues 2
- 57) (PDB ID: 1QA5) [33] is vital for Nef’s engagement with the host cell
trafficking machinery, especially the clathrin-coated vesicle (CCV) machin-
ery. Nef redirects specific transmembrane proteins, such as CD4, CD8, CD3,
CD28, SERINC5, and MHC-I, from the plasma membrane to lysosomes with
the help of clathrin adaptor protein 2 (AP2) or adaptor protein 1 (AP1) to
disrupt host immunity and promote the viral replication cycle. In addition to
AP complexes, Nef binds to many other cellular partners involved in the
endo-lysosomal system and autophagy [34]. An interaction between Nef and
β-COP has been observed [35]. β-COP is a component of the COPI protein
complex, involved in forming COP-I coated vesicles which regulate the ret-
rograde trafficking of cargos from the Golgi to the endoplasmic reticulum (ER)
and are associated with multi-vesicular bodies (MVBs) and late endosomes
[36]. Moreover, Nef interacts with ALIX via a 135YPL138 motif [37], although
typically ALIX binds to YPXnL motif in HIV and SIV Gag proteins [38]. ALIX
is a member of the endosomal sorting complex required for transport
(ESCRT) machinery that plays an essential role in intraluminal vesicle (ILV)
maturation, exosome biogenesis, and the release of HIV particles from in-
fected cells [39]. Nef can prevent HIV from lysosomal degradation, a type of
cell-autonomous antimicrobial defense [40], by interacting with Beclin-1, a
key protein regulating the activity of the autophagic lipid kinase complex
phosphatidylinositol 3-kinase catalytic subunit type 3 (PI3KC3). Because of
the Nef-Beclin complex formation, PI3KC3 fails to associate with the ER
membrane, and the initiation of autophagosome is subsequently blocked.

Nef increases the secretion of EVs [41] and alters their composition [42].
Moreover, Nef itself is secreted into extracellular space via vehicles such as
exosomes in vitro and in vivo. For example, Nef is found in blood plasma-
derived exosomes from HIV-infected individuals [43]. Nef-containing vesicles
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can fuse with target cells and rescue the infectivity of Nef-defective HIV mu-
tants to wild type levels [44]. Interestingly, the Nef-containing exosomes in-
duce apoptosis in bystander CD4+ T lymphocytes in vitro [45] and help rest-
ing CD4+ T lymphocytes to tolerate HIV-1 replication [46], suggesting a novel
mechanism that lentiviruses can affect the fate of HIV-infected CD4+ T lym-
phocytes as well as uninfected cells [47]. The mechanisms of triggering Nef
secretion and the induction of EV release by Nef are poorly understood,
though it is reported that the truncated Nef (residues 1-70) is enough for the
secretion of Nef into EVs [41]. Especially, a Nef arginine cluster (R17, R19,
R21, and R22) together with the 62-70 EEEEVGFPV motif are called secre-
tion modification region (SMR), being necessary for Nef secretion [41, 48].

1.1.4.2 Two Nef structures associated with SH3 domain binding
The PxxP motif
Nef contains a highly conserved PxϕPxR motif (ϕ: hydrophobic residues),
forming a poly-proline type II (PPII) helix that serves as the docking site for
recruitment of Src-family kinases (SFKs) and other partners with Src Homol-
ogy 3 (SH3) domains [49]. The highly conserved arginine residue at position
77 (R77) plays a critical role in PxϕPxR-SH3 interaction. R77 and the
71xPxxPx76 residues in the PPII helix are held in an optimal conformation for
binding to SH3 domains. Upon interacting with SH3 domains, R77 forms a
salt bridge with aspartic acid (Figure 5) [50]. In the PxxP motif, 71ϕP72 and
74ϕP75 are two pairs of ridges on the face of the PPII helix, which can be
recognized by the aromatic residues (Y91, Y137, and W119) in SH3 domains
(Figure 5). A ligand carbonyl that is positioned to hydrogen bond to the pyr-
role nitrogen of W119 (hydrogen donor) [51], and the salt bridge between
PxϕP R77 and SH3 D100, all together form a stable complex with SH3 do-
main. Two proline residues are required in the PxϕP motif, very likely be-
cause proline is the only natural N-substituted residue offering a unique
recognition code for protein interaction [52].
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Figure 5. Interaction between Nef PxxP motif and SH3 domain. (A) The SH3 domain/Nef
PxxP motif (φPxφPx+) complex is shown schematically. Figure drawing is inspired by [52].
(B) The SH3/Nef complex (Protein Data Bank (PDB) number: 1EFN) shows the residues in-
volved in the interaction. Residues marked in cyan and sandy brown are in the Nef PxxP
motif, whereas residues in tomato and purple are in the SH3 domain.

The hydrophobic pocket
Although the proline-rich motif can bind to the SH3 domain, the affinity is
relatively weak [53]. For example, a short 12 amino acid peptide bearing the
PxϕP motif of Nef has only an affinity of 91 μM for Hck [54]. However, the
affinity of such Hck SH3 domain for interacting with full-length Nef is 0.25 μM,
almost 300 times more than the affinity of that Hck/proline-rich peptide com-
plex [54]. The intense interaction between Nef and Hck requires structural
elements in both Nef and Hck-SH3. In HIV-1 Nef, residues in 2 α-helices (αA
helix and αB helix) form a hydrophobic pocket serving as an extra position
for Hck-SH3 binding (Figure 6) [55]. Substituting hydrophilic residues for the
L87 and F90 in αA helix can disrupt the interaction between HIV-1 Nef and
Hck-SH3 (Figure 6) [54]. Moreover, another group of amino acids (W113,
T117, and Q118) in the hydrophobic pocket plays a vital role in interacting
with HIV-1 Nef and Hck-SH3 (Figure 6) [56]. HIV-2 Nef proteins bearing ty-
rosine-glutamic acid-glutamic acid (Y-E-E) at these positions cannot bind to
Hck. It is sufficient to restore Hck SH3 binding by replacing these residues
with W-T-Q at positions 113, 117, and 118 in HIV-2/SIVmac239 Nef proteins
[56].
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Figure 6. Nef/SH3 complex (PDB: 1EFN). Nef forms an additional SH3 interaction position 
bearing residues L87 and F90 of the αA helix and residues W113, T117, and Q118 of the αB 
helix (cyan color), serving as the recognition site for SH3 RT-loop (sandy brown color).  
 
1.1.5 HIV-1 associated chronic immune activation 
After the description of CD4 as a receptor for HIV-1 [57], it was generally 
assumed that HIV-1 would trigger the depletion of CD4+ T cells infected by 
these viruses, and subsequently, AIDS would occur. However, it gradually 
became apparent that chronic immune activation, rather than immunodefi-
ciency alone, is a feature of progressive HIV-1 disease [58]. 

The first description of AIDS [1] had reported increased levels of a surface 
activation marker T10 (later termed CD38) on T cells from the peripheral 
blood of patients. Afterward, Janis Giorgi [59] and other scientists showed 
that HIV-1 infection is associated with the upregulation of activation markers 
on CD8+ T cells and B cells. In 1990, John Fahey and his colleagues [60] 
published a critical report, which showed that the increased expression of 
immune activation markers is linked to disease progression in HIV-1 patients. 
They found that higher serum levels of neopterin (a metabolite of interferon-
γ-activated macrophages) and the MHC-I component β2-microglobulin are 
almost as powerful as CD4+ T cell counts in predicting AIDS progression in 
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HIV-1-infected patients. These discoveries not only promoted the develop-
ment of a rapid, inexpensive test to predict whether a patient would progress 
to AIDS, but also suggested a possible correlation between immune chronic 
activation and HIV pathogenesis.

This idea was further strengthened by understanding that SIV could not de-
velop AIDS-like diseases in their natural primate hosts, though the viruses 
would also establish chronic infections. A pivotal study by Guido Silvestri and 
colleagues [61] reported that although high levels of SIVsmm replication ex-
isted, immune cell populations are essentially normal in sooty mangabey 
monkeys. More importantly, the monkeys have low levels of immune activa-
tion. Another critical study showed that the levels of immune activation and 
inflammation markers are higher than in uninfected individuals, despite of 
undetectable viral loads in antiretroviral therapy (ART)-treated HIV-infected 
patients and HIV controllers (HIC) [62]. These findings indicated that an ab-
errant chronic immune response has a significant role in the pathogenesis of 
AIDS.

Although it is accepted that chronic immune activation is a hallmark of pro-
gressive HIV infection, the mechanistic basis is still not understood. In 2006,
Jason Brenchley and colleagues [63] reported that microbial translocation
from the gastrointestinal tract occurs in HIV-infected individuals and in-
creases circulating lipopolysaccharide (LPS) levels. Similar findings were
made in rhesus macaques infected with pathogenic SIV [64]. Notably, in-
creased levels of LPS in the blood circulation correlated with higher activation
of both the innate and adaptive immune systems suggesting that loss of mu-
cosal barrier function (most likely because of acute CD4+ T lymphocytes de-
pletion) promotes systemic immune activation. Another hypothesis suggests
the loss of CD4+ T cells and chronic inflammatory response are a conse-
quence of the pyroptosis of bystander CD4+ T lymphocytes due to accumu-
lation of incomplete HIV reverse transcripts in those CD4+ T cells and sub-
sequent cell suicide [65]. A third proposed mechanism indicates that the HIV
Nef protein plays an essential role in HIV-induced immune activation [66].
Human patients infected with Nef defective HIV-1 strains show a non-pro-
gressive phenotype of HIV-1 infection [67]. In macaques, the Nef-deleted
SIVmac is non-pathogenic [68]. All Nef isoforms can down-regulate CD4,
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CD28, and MHC-I from the host cell surface; however, their ability to adjust
T cell receptor (TCR) complex expression varies. HIV-2 and SIVmac Nefs
negatively modulate the TCR-CD3 complex and therefore promote the in-
fected CD4+ T cells to be tolerable to further antigenic stimulation and inhibit
activation-induced cell death (AICD) in these cells [69]; however, HIV-1 Nef
cannot decrease the TCR/CD3 complex expression levels on the surface of
infected T lymphocytes [66]. In this way, HIV-1 Nef makes the infected CD4+
T cells highly sensitive to re-stimulation and promotes immune activation.

Moreover, Romas Geleziunas and colleagues [70] reported that the in-
creased killing of bystander T lymphocytes is regulated in part through Nef-
induced Fas (a death receptor) ligand (FasL) expression on the surface of
the virally infected CD4+ T cells. The subsequent interaction of FasL with
Fas (CD95) displays on neighboring cells, including HIV-1-specific cytotoxic
T lymphocytes, may lead to bystander cell lysis. All these reports suggested
an important role of HIV-1 Nef in mediating chronic immune activation.
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1.2 Kinases and cell signaling
1.2.1 Src kinase family
Src kinase family is a family of non-receptor tyrosine kinases that play es-
sential roles in regulating signal transduction in cells [71] and many other
fundamental cellular processes, such as cell growth, differentiation, and mi-
gration [71]. The discovery of this kinase family can be tracked back to more
than 100 years to the pioneering studies of Peyton Rous, who reported that
healthy animals show cancer syndromes after being injected with cell-free
extracts from chicken tumors [72]. This result gave rise to a shocking hypoth-
esis that a transmissible agent could induce cancer. This agent is a virus
called Rous sarcoma virus (RSV). It is a retrovirus containing oncogene v-
Src, the critical factor triggering oncogenesis in naive chickens [73]. The
proto-oncogene Src is a representative member of Src family kinases, and
the rest are Lck, Hck, Fyn, Blk, Lyn, Fgr, Yes, and Yrk [74]. Src, Yes, and
Fyn are universally expressed in all cells, whereas Lck, Fgr, Blk, Lyn, Yrk,
and Hck are limited to certain types of cells and tissues [74].

Figure 7. The structure of Src family kinases (SFK). (A) SFKs bear an N-myristoylation site,
an SH3 domain (tomato color), an SH2 domain (sandy brown color), a linker (green), an SH1
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domain (purple), and a C-terminal tail (blue). Key residues R175, Y416, and Y527 are in-
volved in Hck activation. Figure drawing is inspired by [75]. (B) Domain organization of Src
is shown in a 3D way (PDB: 2SRC).

1.2.1.1 SFK structure and function
All Src family kinases (SFK) consist of a conserved structure containing SH3
(Src residues 84-145), SH2 (151-248), and tyrosine kinase (SH1) (270-523)
domains (Figure 7). In addition, they also bear a myristoylated and some-
times palmitoylated N-terminus region, termed SH4 domain, which is vital for
their membrane association [76]. A typical feature of Src family kinases is
their C-terminal tail containing an auto-inhibitory phosphorylation site (Y527
in Src) [77]. The full activation of SFKs needs the phosphorylation (Y416 in
Src) within a part of the kinase domain called the activation loop (A-loop,
residues 403-430) (Figure 7 and 8) [78]. The phosphorylation status of Y416
and Y527 are directly involved in Src activation. Either Y416 or Y527 is phos-
phorylated, presenting the active or inactive state, respectively.

Figure 8. Comparison of inactive (left panel, PDB: 2SRC) and active (right panel, PDB: 1YI6)
Src catalytic domain. The A-loop bearing Y416 is marked in sandy brown. Y416 is shown in
dark blue color, and the non-carbon atoms in this residue are shown in red.

1.2.1.2 A molecular switch in Src
The Src protein bears a molecular switch involving its SH2 domain, SH3 do-
main, a linker between SH1 and SH2 domains, and the C-terminal tail, stabi-
lizing the kinase's inactive conformation (Figure 9). This inactive form can be
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disrupted by multiple activating inputs [79]. Y527 phosphorylation directs Src
to assemble its SH2, SH3, and kinase domains into an auto-inhibited confor-
mation maintained by intimate interactions among these domains [80]. SH2
domain is a non-catalytic but functionally essential and conserved segment
within the SFKs and in many other intracellular signal-transducing proteins
[81]. The sequence of the Src SH2 binding motif is the pY-E-E-I in Src C-
terminal tail. Polar and electrostatic interactions are formed between SH2
partners and the two glutamic acid residues followed by phosphorylated ty-
rosine. Moreover, the linker region between SH1 and SH2 domains adopts a
PPII helix conformation, serving as the binding position for the SH3 domain.
In this way, two intramolecular interactions (linker-SH3 and R175-pY527)
help to maintain Src kinase in an inactive state.

Figure 9. A molecular switch in Src. (A) The inactive form of Src is shown schematically. A
salt bridge is formed between R175 and phospho-Y527, and the SH3 domain binds with the
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linker between SH2 and the catalytic domain. (B), (C) and (D) 3D views of the Intramolecu-
lar interactions in the inactive form of Src (PDB: 2SRC). (C) The interaction between the
linker (green) and SH3 domain involves aromatic residues (yellow). (D) R175 forms a salt
bridge with phospho-Y527. Hydrogen bonds are shown in dash lines.

1.2.1.3 SH3 domain
To date, SH3 domain is the best-characterized protein interaction module. It
contains around 60 residues and is found in many proteins in various crea-
tures ranging from yeast to humans [82]. SH3 domain consists of 5 β-strands
connected by 3 loops (RT-loop, n-Src loop, and distal loop) and a 310 helix
(Figure 10A) [83]. Proline-rich peptide PxϕP is the minimal consensus target
site for SH3 recognition [84]. SH3 domain bears a hydrophobic ligand-bind-
ing surface consisting of 3 grooves formed by conserved aromatic residues
(Figure 10B). The grooves serve as docking sites for the PPII helix with a
relatively weak affinity ranging from 5 μM to 100 μM [53]. The binding energy
is mainly provided by the two ϕP dipeptides and the essential residue (argi-
nine, for example) in the PxxP motif. Interestingly, such PxϕP motif-contain-
ing ligands can be interacted by SH3 negatively charged binding surface in
two opposite orientations, either +xϕPxϕP or ϕPxϕPx+ (+ means a positively
charged residue) [85]. In addition to the hydrophobic surface reading the PPII
helix structure, SH3 bears additional negatively charged residues, known as
the specificity pocket, to form a salt bridge with the positively charged residue
in the PxϕP-containing ligand.

Figure 10. Src SH3 domain structure (PDB: 2SRC). (A) SH3 domain consists of 5 β strands
that are connected with a 310 helix and 3 loops (RT loop, n-Src loop, and distal loop). (B)
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The conserved binding surface is formed with aromatic residues (Y90, Y92, Y136, and 
W118; shown in cyan). The tip (blue) of RT loop serves as a non-conserved binding site for 
the cognate ligand. 

1.2.1.4 Hck
The hematopoietic cell kinase (Hck) is an SFK member, of which expression
is limited to cells of the myeloid and B-lymphocyte lineages. Hck is the pri-
mary SFK regulating activation and effector functions of the macrophage lin-
eage, a main target cell type of HIV-1 in addition to CD4+ T lymphocytes [86].
Interestingly, among the 9 Src family members, Nef proteins prefer to interact
with Hck and Lyn [87]. Nef binds with the Hck SH3 domain with an affinity of
0.25 μM, which is among the strongest SH3 interactions measured to date
[54].

Hck exists as two isoforms in humans, Hck p59 (504 amino acids) and Hck
p61 (525 amino acids). These two isoforms are created by alternative initia-
tion of Hck translation from two in-frame initiation codons found within a sin-
gle mRNA [88]. The p61 isoform contains a myristoylated glycine at position
2 (G2) and is mainly localized in lysosomes. However, the p59 isoform could
be associated with the plasma membrane due to its G2 myristoylation and
serine palmitoylation at position 6 (S6 palmitoylation) [89]. Like the other
SFKs, Hck is kept in an inactive conformation due to the two complementing
intra-molecular interactions (Figure 9).

Hck activation can be triggered by various plasma membrane proteins asso-
ciated with signal transduction, such as glycoprotein 130 (gp130), interleukin-
2 (IL-2) receptor, C-C chemokine receptor type 3 (CCR3), and Toll-like re-
ceptor 4 (TLR4) [90]. After binding to cognate ligands, these receptors pro-
mote the dephosphorylation of Y527 residue and disrupt the SH3-linker in-
teraction, changing the conformation of Hck from close to open [91]. In addi-
tion to the catalytic mechanism, Nef can directly bind to the Hck SH3 domain,
disrupting the SH3-linker interaction and activating Hck [92]. Upon activation,
Hck mediates various downstream signaling pathways involved in distinct
cellular processes, such as proliferation, adhesion, migration, and apoptosis
[93].
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1.2.2 Raf-MEK-ERK pathway
1.2.2.1 Raf
Raf was initially cloned from the Murine sarcoma virus strain 36111 (3611-
MSV) [94], and the name ‘Raf’ means its ability to induce ‘rapidly growing
fibrosarcomas’ in mice. Subsequently, two more Rafs were isolated, and
these 3 Rafs are called A-Raf, B-Raf, and C-Raf (also known as Raf-1). The
serine/threonine-specific Raf kinases regulate normal and pathologic cellular
processes, including proliferation, differentiation, and cell cycle progression
[95].

Ras family of small G proteins are the upstream regulators of the Raf proteins
[96]. The extracellular signal substances, such as growth factors, cytokines,
and hormones, bind to their cell surface receptors, activating Ras and initiat-
ing the Raf activation subsequently. Two well-known substrates of Raf pro-
teins, the protein kinases MEK1 and MEK2, are dual specific kinases that
can phosphorylate tyrosine and serine/threonine residues. MEKs can acti-
vate their substrates ERK1 and ERK2 that are able to phosphorylate widely
diverse substrates [97]. This Ras-Raf-MEK-ERK pathway regulates various
fundamental biological functions, including cell growth, survival, and differen-
tiation. In addition, such a pathway is universally associated with human can-
cers. Around 15% of oncogenic mutations of Ras and 30% of ERK occur in
cancers [98].

The phosphorylation of Raf is essentially involved in their activation pro-
cesses. In Raf-1 (Figure 11), there are 3 basal phosphorylation sites: serine
residues at positions 43, 259, and 621. The interaction between Raf-1 and
Ras is blocked by the phosphorylation of the S43 residue at the N-terminus.
Replacing S259 with alanine or aspartic acid promotes the enhanced kinase
activity of Raf-1, suggesting that phosphorylation of S259 plays an inhibitory
role [99]. By contract, phosphorylation of S621 is essential for Raf-1 activa-
tion, and mutation of this serine residue disrupts the activation of Raf-1, which
is triggered by growth factor stimulation [100]. S259 and S621 residues are
associated with the interaction between Raf-1 and 14-3-3 proteins [101]. The
N-terminal regulatory part interacts with the Raf kinase domain, resulting in
an inactive conformation of the kinase. Raf-1 and 14-3-3 protein association
further stabilizes such inactive conformation [102]. Raf and Ras interaction
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can break the ‘locked’ inactive Raf conformation, trigger Raf-phosphatase
activation, and direct Raf to plasma membrane lipid rafts.

Figure 11. Schematic illustration of Raf-1 structure and activation. (A) Domain structure
and key phosphorylation sites of Raf-1. Raf-1 bears 3 conserved regions (CRs): CR1 contain-
ing a Ras-binding domain (RBD) and a cysteine-rich domain (CRD), CR2 bearing a ser-
ine/threonine residues (S/T) rich area, and CR3 comprising the kinase domain. (B) Compar-
ison of inactive and active forms of Raf-1. Inactive Raf-1 keeps a closed conformation locked
by binding to 14-3-3 protein to phosphorylated S259 and S621 on Raf-1. Ras GTPase binds
and phosphorylates the S43 residue, opening the Raf-1 conformation and enabling it to
bind and phosphorylate substrates, for example, MEK1/2. Figure drawing is inspired by
[103].

1.2.2.2 Raf-1 cellular targets other than MEK
Although MEK1 and MEK2 are the only widely known substrates of the 3 Raf
isoforms in mammalian cells, several reports suggested they have alternative
downstream protein effectors. One of them is the transcription factor NF-κB
[104]. Raf-1 activation triggers the degradation of NF-κB inhibitors, which in
turn promotes the NF-κB activity. Interestingly, Raf-1 does not employ the
MEK-ERK signal pathway for such a purpose [105]. In addition to the kinase-
dependent functions, Raf-1 can bind to the N-terminal regulatory domain of
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apoptosis signal-regulating kinase-1 (ASK1) and suppress its pro-apoptotic
activity [106]. This binding involves neither Raf-1 kinase activity nor the MEK-
ERK pathway. These data indicate that Raf-1 can prevent apoptosis in a ki-
nase-independent manner and probably plays a role as a scaffold or adaptor
for proteins.

1.2.2.3 RKTG
Raf kinase trapping to Golgi (RKTG), also known as Progestin and AdipoQ
Receptor 3 (PAQR3), is a seven-transmembrane protein exclusively local-
ized in the Golgi apparatus in mammalian cells [107]. RKTG interacts with
Raf-1, directs its trafficking to the Golgi apparatus, and blocks the signal
transduction from Raf-1 to ERK. RKTG is a particular binder to Raf-1 and
does not bind to the other MAPK module members, indicating that RKTG
functions as a Golgi-anchoring protein of Raf-1.

1.2.2.4 AP-1
AP-1 is a dimeric transcription factor consisting of Fos and Jun families [108].
AP-1 can bind to the TGAg/cTCA site located in the promoter region of target
genes and promote their transcription. Both Fos and Jun can be phosphory-
lated and activated by the Raf-MAPK-ERK signaling pathway [109]. The ex-
pression of both Fos and Jun are promoted in cells after growth factor treat-
ment [110]. Thus, for the in vitro Raf-MAPK-ERK signaling pathway and AP-
1 driven gene expression studies, fetal bovine serum (FBS) (containing
growth factors) should be depleted from the cell culture medium.
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1.3 Secretory protein biogenesis
1.3.1 Post-translational modification: N-glycosylation
Among the 25,000 predicted human full-length open reading frames (ORFs),
11% are soluble secretory proteins, and 20% are single or multi-pass trans-
membrane proteins [111]. The endoplasmic reticulum (ER) plays a significant
role in the biogenesis of secretory proteins. ER is a large organelle bearing
a continuous membrane system consisting of the nuclear envelope (NE) and
the peripheral ER [112]. The peripheral ER includes flat sheets (rough ER)
and branched tubules (smooth ER) (Figure 12). Ribosomes are localized on
the surface of the rough ER, which gives it a ‘rough’ appearance. On the
contrary, the number of ribosomes on tubules is much lower. Therefore, the
tubule ER is smoother.

Figure 12. Schematic illustration of the ER. There are two types of ER: rough ER (sheet-like,
bearing ribosomes) and smooth ER (tubule-like, no protein synthesis). Figure drawing is
inspired by [113].

After being synthesized by ribosomes, secretory proteins are translocated
into the ER lumen in a signal sequence-directed manner. The signal se-
quence of a group of secretory proteins is located at their N-terminus [111].
During the ER translocation process, cytosolic chaperones are essential to
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maintain the nascent secretory proteins in a loosely folded or unfolded con-
formation until they are delivered into the ER lumen [114]. The signal pepti-
dase complex (SPC) trims the N-terminal signal sequences during protein
translocation. Meanwhile, the incipient secretory proteins get their glycosyl
modification consequently. The oligosaccharyltransferase (OST) enzyme
catalyzes the addition of core oligosaccharides to the consensus Asn-X-
Ser/Thr sites in these polypeptides, which is termed N-linked glycosylation
(Figure 13) [115].

Figure 13. The process of N-linked glycan maturation. (A) The lipid-linked oligosaccharide
(LLO) donates the glycan formed by glucose, mannose, and GlcNAc residues to asparagine
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(Asn) residues in secretory polypeptides in the ER. Subsequently, the immature N-lined gly-
can is trimmed and modified in the ER and the Golgi. (B) PNGase F cleaves between the 
innermost GlcNAc and asparagine residues of mature or immature oligosaccharides, 
whereas Endo H specifically cleaves within the 2 GlcNAc in the ER-type oligosaccharide 
from N-linked glycoproteins. (C) Tunicamycin and kifunensine block glycan formation. Tu-
nicamycin is an antibiotic produced by Streptomyces lysosuperificus. It can particularly 
block the dol-p-GlcNAc generation step, therefore, inhibiting the N-linked glycosylation de 
novo [116]. Kifunensine is an alkaloid compound isolated from the actinomycete Kitasporia 
kifunensis. Kifunensine can negatively regulate the ER-associated mannosidase I activity 
[117], blocking the process of N-glycosylation and keeping the oligosaccharides on Asn res-
idue in an ER-specific type. Figure drawing is inspired by [118]. 

In eukaryotic cells, N-linked glycosylation includes 2 conserved phases [115].
Firstly, an oligosaccharide is assembled on a lipid carrier known as dolichol
phosphate (dol-p). Dolichols are the ER and the Golgi membrane-bound iso-
prenoids. For the synthesis of the lipid-linked oligosaccharide (LLO), dol-p
obtains 2 N-acetylglucosamine (GlcNAc), 9 mannose (Man), and 3 glucose
(Glc) residues, finally forming the N-glycan bearing 14 carbohydrate residues
(Figure 13). The LLO is assembled initially in the cytosol and ends in the ER
lumen. Secondly, after the translocation of LLO from the cytoplasm to the
ER, the glycan is transferred to selected asparagine residues on secretory
polypeptides, a step which is catalyzed by the OST enzyme (Figure 13).

1.3.2 Processing of N-glycans in the ER and the Golgi
In the ER and the Golgi, the Asn-linked glycan receives further modifications
(Figure 13). In the ER, glucosidase I and II remove the terminal 3 glucose
residues, then a mannose is trimmed by mannosidase I [119]. Multipeptides
bearing such trimmed N-glycans are ready for ER exit and for receiving fur-
ther modifications in the Golgi, such as more mannose trimming and galac-
tose and sialic acid modifications.

Core N-glycan trimming in the ER does not simply supply the essential struc-
ture for the other process once the secretory proteins reach the Golgi. If the
glycoproteins escape mannose trimming in the ER, alpha-mannosidases can
cut off 6 mannoses from Man9GlcNAc2 oligosaccharides in the Golgi [120].
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In addition, other studies indicated that the formation of N-glycan on secre-
tory peptides is needed for their folding and ER exit but doesn’t contribute to
their biological functions [121].

Endo H and PNGase F are 2 valuable enzymes to study the process of N-
glycosylation. Endo H is a recombinant glycosidase cleaving between the
innermost and second innermost GlcNAc of high mannose oligosaccharides
from glycoproteins remaining in the ER lumen as immature glycoproteins
[122]. Properly folded proteins passing the ER quality control (ERGC) check-
points can reach the Golgi and receive further N-glycosylation. In the Golgi,
the N-glycan on these glycoproteins becomes even more complex and re-
sistant to the Endo H enzyme. However, the PNGase F, an amidase, can
effectively cleave all asparagine-linked oligosaccharides regardless of their
processing status [120]. When the N-linked glycosylation is blocked in the
ER, glycoproteins commonly cannot fold correctly, leading to their accumu-
lation in the ER lumen. Such ER retention results from the quality control
mechanisms (aka ERQC), which prevents the further trafficking of misfolded
proteins to the Golgi apparatus [123].

1.3.3 ER stress and unfolded protein response
The accumulation of misfolded proteins in the ER lumen is defined as ER
stress [124]. When ER stress occurs, cells can subsequently stimulate a se-
ries of complementary adaptive mechanisms to handle such protein-folding
alterations as the unfolded protein response (UPR) [124]. Both physiological
and pathological conditions can induce ER stress and UPR. Interestingly, in
some cases, ER stress does not lead to UPR but ER overload response
(EOR) [125]. For example, the accumulation of Z-type α1-antitrypsin renders
the formation of ordered polymers, triggering the activation of EOR and up-
regulation of pro-inflammatory cytokines [125].

The UPR includes treatments preventing N-linked glycosylation, reducing di-
sulfide bond formation, blocking protein ER to Golgi trafficking, and mobiliz-
ing calcium out of the ER [126, 127]. Once ER stress alarms the UPR, it
drives ER membrane expansion, selectively synthesizes chaperons for pro-
tein folding, and weakens the influx of proteins into the ER. However, if the
ER stress condition is not stopped and the homeostasis is not returned, the
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UPR will trigger apoptosis [128]. Three sensor proteins are involved in the
UPR activation: inositol requiring enzyme 1 (IRE1), protein kinase RNA-acti-
vated (PKR)-like ER kinase (PERK), and activating transcription factor 6
(ATF6).

Figure 14. Unfolded protein response (UPR) involves XBP1 splicing. Unfolded or misfolded
protein accumulation in the ER releases the BiP chaperone from the IRE1α that is subse-
quently phosphorylated and dimerized. The IRE1α dimer cleaves an intron out from XBP1u
mRNA, generating the spliced isoform of XBP1 mRNA (XBP1s), initiating the UPR target
gene expression. Figure drawing is inspired by [124].

In addition to the ER-transmembrane domain, all of these 3 UPR sensors
contain an ER-luminal domain sensing the levels of misfolded proteins in the
ER and a cytosolic domain propagating signals to regulate UPR target gene
expression. Before activating the UPR, these 3 sensors are bound with an
ER-localized Hsp70 chaperone, known as BiP, keeping them inactive [129,
130]. After engagement with the accumulated misfolded proteins, BiP is re-
leased from these sensors, IRE1, for example, initiating the UPR process
(Figure 14). Subsequently, the IRE1 is homodimerized or oligomerized and
trans-autophosphorylated to motivate downstream signaling pathways. IRE1
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oligomerization activates its cytosolic kinase domain and thus provokes un-
conventional splicing of the X-box binding protein 1 (XBP1) mRNA [131, 132].
XBP1 protein is a basic leucine zipper (bZIP) transcription factor [133]. It will
not promote UPR target gene expression until transforming to the spliced
isoform (XBP1s). XBP1s promotes UPR related gene transcription, including
the expression of chaperones for protein folding [134].

1.3.4 Unconventional secretion pathways
Conventionally, after successfully passing the ER quality control step, secre-
tory proteins are translocated to the Golgi and subsequently to the plasma
membrane (PM) or the extracellular environment. Although the ER to Golgi
route is classical for secretory protein biogenesis, many protein species also
reach these final destinations using noncanonical pathways. There are 2 cat-
egories of unconventional protein secretion (UPS) [135]. (1) Proteins lacking
a signal peptide or a transmembrane domain translocate across the plasma
membrane and become active in the extracellular space. (2) Secretary pro-
teins bearing signal peptides and/or transmembrane domains can be trans-
located to the extracellular space or PM after ER exit via a Golgi-bypass
route, termed the Golgi-bypass UPS. Alternatively, UPS pathways can be
divided into 3 types (Figure 15).

Type I, leaderless proteins trafficking through the PM pore.
The PM pores can be generated by secretory proteins themselves or by in-
flammation or cellular stress. For example, the HIV transactivator of tran-
scription (Tat) arranges a self-made lipidic pore permitting Tat to constitu-
tively transfer from cytosol to the extracellular space [136]. The inflammation-
induced UPS allows massive and quick secretion of cytokines such as IL-1β
from macrophages to the extracellular environment [137].
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Figure 15. Classical transmembrane membrane secretion and 3 types of unconventional
protein secretion (UPS). Leaderless proteins can be translocated via the PM pore (type I
UPS) or be managed by autophagosomes (type II UPS). Transmembrane proteins can be
trafficked from ER to PM via a Golgi bypass route (type III UPS). It is unknown whether
multivesicular bodies (MVBs) are involved in type III UPS. Figure drawing is inspired by
[135].

Type II, organelle-mediated secretion of leaderless proteins.
Nutrient starvation is capable of directing the type II UPS pathway. Autoph-
agy is generally defined as a lysosome-dependent mechanism, degrading
the intracellular components to provide nutrients for cell survival. It is initiated
with impounding cytosolic materials by an expanding subdomain of the ER,
termed omegasome [138]. Omegasomes are the sites where the formation
of phagophores starts. Phagophores are sack-like structures that mature into
double-membrane-bound vesicles, called autophagosomes (Figure 15)
[138]. One typical destiny of autophagosomes is to fuse with lysosomes and
trigger the degradation of the autophagosomal contents [139]. Alternatively,
the autophagosomes can interact with the endosomal-lysosomal systems,
such as MVBs, and mediate unconventional protein secretion [140]. The
yeast Acyl-CoA-binding protein (Acb1) secretion is a typical example of the
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autophagosome/endosome-managed secretion in response to glucose star-
vation [141]. Such unconventional Acb1 secretion requires the Golgi reas-
sembly-stacking protein (GRASP) Grh1 and components of the MVB path-
way.

Type III, ER exit but Golgi-bypass route
Proteins with a signal peptide and/or a transmembrane domain typically re-
quire the ER and the Golgi organelles for their synthesis and post-transla-
tional modification (glycosylation and phosphorylation, for example). How-
ever, such proteins can translocate to the PM or extracellular space via a
Golgi bypass route after ER exit. The Golgi-bypass UPS is not negatively
regulated by the presence of brefeldin A (BFA), a drug disturbing ER-to-Golgi
transport [142]. As a result, these Golgi-bypass glycoproteins keep their ER
high-mannose oligosaccharide structure or even possess no N-linked glyco-
sylation at all [143]. In some cases, a point mutation in a transmembrane
protein is enough to prevent its correct protein folding resulting in its accu-
mulation in the ER, leading to chronic ER stress and ER storage disease
(ERSD) [144]. For example, the active form of protein C is associated with
anticoagulation, inflammation, and cell death. ER-retained A267 mutant of
protein C [145] triggers the high risk of venous thrombosis.

Another example is the anion transporter pendrin. The pendrin H723R mu-
tant cannot escape from the ER, which causes the Pendred syndrome lead-
ing to congenital bilateral sensorineural hearing loss and goiter problem
[146]. The most famous example is the cystic fibrosis transmembrane con-
ductance regulator (CFTR). A phenylalanine deletion variant (F508Δ) blocks
its ER exit and triggers cystic fibrosis [147]. Surprisingly, it is reported that
plasma membrane expression of the F508Δ CFTR mutant can be rescued
by the Golgi bypass UPS involving GRASP55 and GRASP65 [147].

1.3.5 GRASPs
Initially, GRASPs were identified as Golgi stacking factors. Two isoforms of
GRASPs, GRASP55, and GRASP65, are both localized in the Golgi as pe-
ripheral Golgi proteins. Their Golgi localization requires myristoylation at the
N-terminus and interaction with their Golgi receptors [148]. However, their
functions are not limited to Golgi ribbon formation. GRASPs are associated
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with the Golgi bypass UPS and type II UPS [149]. Some features of
GRASP55 are required for mediating unconventional CFTR F508Δ mutant
secretion: GRASP55 N-terminal myristoylation, serine (S441) phosphoryla-
tion, and PDZ domain interaction with CFTR. Moreover, in starved yeast, the
GRASP65 homolog protein 1 (Grh1) and autophagy proteins regulate the
abnormal secretion of a leaderless protein, Acb1 [150]. This process is in-
volved in the formation of starvation-dependent autophagosomes called the
compartment for unconventional protein secretion (CUPS) near ER exit sites
(ERES) [151].

1.3.6 TACE
ADAM enzymes (a disintegrin and metalloproteinase) are Zn2+-dependent
cell surface metalloproteinases, which possess cellular adhesion and prote-
olysis properties. They could cleave various cell-surface molecules, such as
growth factors, cytokines, chemokines, and adhesion molecules, a process
termed ectodomain shedding [152]. ADAM17, also known as tumor necrosis
factor-alpha converting enzyme (TACE), is the most well-studied ADAM en-
zyme, which can release the soluble and active form of tumor necrosis factor
(TNF) alpha from the PM (Figure 16) [153]. In addition, TACE is associated
with the shedding of the adhesion protein L-selectin, interleukin 6 receptor
(IL-6R), Notch1, and ErbB ligands involved in the growth of many tumors
[154]. Expression and activation of TACE are commonly found in all tumor
cells [155]. Therefore, TACE plays an essential role in immune responses,
tissue regeneration, and cancer development. TACE is a type I transmem-
brane protein comprising an N-terminal signal sequence, a prodomain, a
metalloproteinase (catalytic) domain, a disintegrin domain, an EGF-like (cys-
teine-rich) domain, a single transmembrane domain, and a cytoplasmic do-
main (Figure 16). The prodomain inhibits TACE proteinase activity, which
can be cleaved by furin proteinases to create the active form of TACE [156].
The metalloproteinase domain regulates ectodomain shedding. The disinteg-
rin domain binds to integrins to influence cell adhesion and cell interactions
[157], and the cytoplasmic domain is related to TACE’s subcellular localiza-
tion, trafficking, and cellular interaction.
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Figure 16. Schematic illustration of TACE structure and function. Active TACE cleaves a 17
kDa extracellular domain from the pro-TNFα molecule on plasma membrane (PM), result-
ing in the proteolytic liberation of soluble TNFα. Figure drawing is inspired by [158].

Interestingly, as a biomarker, TACE is present in plasma extracellular vesi-
cles (pEVs), which is strongly associated with HIV infection. Strikingly, the
levels of TACE in pEVs do not significantly decrease during antiretroviral
therapy (ART) [159]. Moreover, the levels of TACE in circulating EVs are
correlated with low CD4+ T cell counts. These results suggest that TACE,
the pro-inflammatory regulator, may play an essential role in HIV-induced
chronic immune activation.

The pro-domain, which inhibits TACE’s catalytic function, is removed in the
trans-Golgi network and directs the enzyme's maturation. Other post-trans-
lation modifications include N-linked glycosylation and phosphorylation. In-
deed, because of the N-glycosylation, the apparent molecular weight of full-
length TACE is around 130 kDa, although it only contains 824 amino acids.
Phosphorylation of threonine 735 (T735) by ERK is essential for TACE acti-
vation and trafficking to the cell surface [160]. The phorbol 12-myristate 13-
acetate (PMA) can activate TACE since it governs the PKC and ERK signal-
ing pathways [161]. In addition, TACE requires its chaperon iRhom2 to suc-
cessfully translocate from the ER to the Golgi, where the furin-mediated
TACE maturation occurs [162].
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The maturation of N-glycosylation on TACE requires its chaperon iRhom1 or
iRhom2 [163]. iRhom1 and iRhom2 belong to the rhomboid family but lack
the essential rhomboid catalytic residues. They contribute to protein degra-
dation during ER stress conditions. In the ER, iRhom1/2 acts as a cargo re-
ceptor for TACE and directs TACE’s ER exit and trafficking to the Golgi [163].
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1.4 Extracellular vesicles
1.4.1 Definition of exosomes and other extracellular vesicles
All cells can secrete various species of membrane vesicles known as extra-
cellular vesicles (EVs). EV secretion is a conservative process throughout
evolution from prokaryotes to eukaryotes [164, 165]. In the body’s internal
environment, membrane-enclosed vesicles are present outside cells in solid
tissues and biological fluids [166].

Initially, based on tumor cell and platelet studies, these EVs were assumed
to be released by outward budding of the cells’ PM (Figure 17) [167]. In the
early 1980s, a more complex EV secretion pathway hypothesis appeared. It
was found that vesicles generated intracellularly within multi-vesicular endo-
somes (MVEs), also known as multi-vesicular bodies (MVBs), were subse-
quently released into extracellular space (Figure 17) [168]. These EVs of en-
dosomal origin are termed exosomes.

Figure 17. Formation of 2 types of extracellular vesicles. Microvesicles are released into
extracellular space by outward budding and fission of the plasma membrane (PM). Intralu-
minal vesicles (ILVs) budding inward into multi-vesicular bodies (MVBs) are secreted as ex-
osomes into the extracellular environment when the MVBs fuse with the cell surface.  Fig-
ure drawing is inspired by [169].

EV biogenesis is generally divided into 2 main categories: exosomes and
microvesicles (Figure 17). Exosomes are mainly vesicles ranging from 30 to
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150 nm in diameter when recovered by high-speed centrifugation of a condi-
tioned medium of healthy cell lines [170]. Exosomes share a similar size
range and features as the intra-luminal vesicles (ILVs) of MVBs [171], sug-
gesting the endosomal origin of exosomes. The outward budding of the PM
initiates the formation of microvesicles, also known as ectosomes, ranging in
size from 50 nm to 1,000 nm or even bigger [169]. The mechanism of shed-
ding microvesicles is not fully understood. However, previous results sug-
gested that it involves cytoskeleton components, molecular motors, and fu-
sion machinery [172].

1.4.2 Biochemical Features: Composition
The content of EVs includes proteins, lipids, and nucleic acids (Figure 18).

Proteins. Proteomic studies suggest that exosomes contain a specific sub-
group of cellular proteins [173]. Some of them are cell-type specific proteins,
whereas the others are housekeeping proteins. To be more precise, the in-
variable EV proteins are mainly from endosomes, the PM, and the cytosol.
However, the amount of EV proteins coming from the nucleus, mitochondria,
ER, and the Golgi complex varies widely between different cell types [174].
These observations show the specificity of EV formation and highlight the
particular origin of EVs, which is not a random combination of cell compo-
nents [175]. Due to the complex variety and countless cell types in the human
body, it is hard to identify one or two protein biomarkers for EVs or isolate
exosomes from particular cell types based on the combination of “protein
portraits.” Strong enrichment of some proteins (e.g., CD63, CD81, CD9,
TSG101, CHMP2A, RAB11B, ALIX, CHMP4B, RAB11A, and RAB5) are
found in EVs, but it is hard to say which can represent EVs better than the
others [176]. Overall, CD9 and CD81 belong to the top 200 most frequently
identified EV proteins [177] and are commonly viewed as EV markers.

Lipids. Compared with total cell membranes, EVs consist of higher levels of
sphingomyelin, phosphatidylserine (PS), cholesterol, and saturated fatty ac-
ids [178-180]. In addition, exosomes contain a high amount of ganglioside
GM3 [181] and ceramide or its derivatives [182], but lysobisphosphatidic acid
(LBPA), a lipid contained in ILVs [183]. MVB formation requires ceramide
[184]. Inhibition of neutral sphingomyelinase-2 (nSMase2) can block
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ceramide synthesis, which has been widely applied to interfere with exosome
production. Instead, nSMase2 inhibition can enhance the production of mi-
crovesicles [185]. An analysis of prostasomes (40-500 nm EVs secreted by
the prostate gland epithelial cells into the seminal fluid [186]) confirms the
high levels of sphingomyelin, cholesterol, and PS content. It highlights the
variation of amounts of sphingomyelin and hexosyl-ceramide in EVs [187].
All those reports indicate that EVs comprise a particular lipid composition
group with detergent-resistant subdomains of the PM called lipid rafts [188].
Lipid raft is enriched in high cholesterol levels, sphingolipids, and GPI-an-
chored proteins [189]. Tan et al. observed the endocytosis of lipid rafts from
the PM to ILV and their secretion into exosomes [190], proposing a mecha-
nism of exosome formation associated with lipid rafts.

Nucleic acids. Most studies of nucleic acids in exosomes describe RNAs,
including mRNAs, miRNAs, or low levels of ribosomal 18S and 28S RNAs,
though DNA is also found in EVs [191]. An analysis comparing the RNA sizes
in EVs centrifuged at low speed from apoptotic cells or healthy cells highlights
that the rRNAs are mainly presented in the apoptotic cell-derived EVs [192].

In recent years, researchers demonstrated that miRNAs played an important
role in tumorigenesis [193]. One of the most exciting miRNA studies results
is that the exosomes carrying miRNA from producer cells can regulate gene
expression in recipient cells [194, 195]. In these studies, the EV-covered
miRNAs can inhibit gene expression in target cells without expressing these
miRNAs. The comparison of intracellular and extracellular miRNA popula-
tions highlights the particular sequence preference for extracellular export
[195]. In addition, next-generation sequencing techniques have been em-
ployed to identify new small RNA species presenting in mixed EVs, such as
vault-RNA (many eukaryotic cells bear large nucleoprotein particles in the
cytoplasm, known as vaults [196]. The vault complex comprises proteins and
a variety of small untranslated RNA termed vault-RNA), Y-RNA (a family of
highly conserved small noncoding RNAs [197]), and selected tRNA.
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Figure 18. The molecular composition of exosomes or microvesicles. Inspired by [169].
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Aims of this thesis

1, To reveal the critical cellular target(s) which is/are activated by Nef and
promote(s) the EV packaging of TACE.

2, To examine whether a potential new molecular structure in Nef is needed
for TACE secretion.

3, To understand the pathway of Nef-induced EV secretion of TACE.

4, To unveil the roles of Raf-MAPK-ERK kinase cascade in the Nef-induced
TACE secretion.

5, To provide a novel strategy for treating HIV-associated immune activation.
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Material and Methods
2.1 Reagents (I-IV)
The details of chemicals used in this thesis are shown in table 2.

Table 2. Chemicals in this thesis.
Names Functions Vendors 

1,10-phenanthroline metalloprotease inhibitor Sigma Aldrich 

tunicamycin Inhibit glycoprotein synthesis*1 Sigma Aldrich 

thapsigargin raise cytosolic Ca2+ concentration*2 Sigma Aldrich 

brefeldin A (BFA) block transport from Golgi to ER*3 Sigma Aldrich 

Dasatinib tyrosine kinase inhibitor Selleck Chemicals 

Sorafenib multikinase inhibitor Selleck Chemicals 

LY3009120 Raf inhibitor Selleck Chemicals 

U0126 MEK inhibitor Selleck Chemicals 

Binimetinib MEK inhibitor Selleck Chemicals 

Cobimetinib MEK inhibitor Selleck Chemicals 

Selumetinib MEK inhibitor Selleck Chemicals 

Trametinib MEK inhibitor Selleck Chemicals 

Phorbol 12-myristate 13-
acetate (PMA) protein kinase C activator Sigma Aldrich 

Endoglycosidase H
(Endo H) 

cleave immature N-glycan from gly-
coproteins*4 New England Biolabs 

Peptide-N-Glycosidase F
(PNGase F) 

cleave N-glycan from glycopro-
teins*5 New England Biolabs 

*1 Tunicamycin inhibits the transfer of N-acetylglucosamine-1-phosphate from UDP-
N-acetylglucosamine (GlcNac) to dolichol phosphate at the first step of N-glycan
biogenesis.
*2 Thapsigargin is an inhibitor of ER Ca2+ ATPase. Cells cannot pump Ca2+ from
the cytoplasm to the ER, resulting in the depletion of ER calcium ions needed for



49

many kinds of chaperons. It is the mechanism of how thapsigargin promotes ER
stress.
*3 BFA binds to guanine-nucleotide exchange factor (GEF) and inhibits the GDP-
to-GTP exchange in Arf1-GDP complex, subsequently blocking COP-I coated vesi-
cle formation required for the Golgi-to-ER retrograde transport.
*4, 5 Figure 13 shows the difference between Endo H and PNGase F for N-glycan
cleavage. Endo H cleaves the bond between two GlcNAc residues close to the Asn
residue when the glycosylation is not entirely generated. However, PNGase F can
remove the whole immature or mature forms of N-glycan from the Asn residue.

2.2 Antibodies (I-IV)
The details of primary antibodies used in this thesis are shown in table 3.

Table 3. Antibodies in this thesis.
Primary antibodies Vendors 

Mouse anti-human Myc (sc-40) Santa Cruz Biotechnology 

Mouse anti-GFP (sc-9996) Santa Cruz Biotechnology 

Mouse anti-human TACE C-termini (MAB2129) R&D systems 

Mouse anti-human pY31 paxillin BD Biosciences 

Mouse anti-human α-tubulin (T9026) Sigma-Aldrich 

Mouse anti-human TACE pro-domain (ab39161) Abcam 

Rabbit anti-human GAPDH (MAB374) EMD Millipore 

Rabbit anti-human GRASP65 (ab174834) Abcam 

Rabbit anti-human GRASP55 (ab209338) Abcam 

Rabbit anti-human iRhom2 (PA5-48602) Invitrogen 

Raabit anti-human paxillin (sc-5574) Santa Cruz Biotechnology 

Rabbit anti-human Hck (sc-72) Santa Cruz Biotechnology 

Rabbit anti-human ERK1/2 (137F5) Cell signaling 

Rabbit anti-human pT202/pY204 ERK1/2 (197G2) Cell signaling 

Sheep anti-HIV-1 Nef Targeted Affinity 
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Streptavidin IRDye680CW (II, III), Streptavidin IRDye800CW (II, III),
IRDye680CW goat anti-mouse IgG (I-IV), and IRDye800CW goat anti-rabbit
IgG (I-IV) were obtained from LI-COR Biotechnology.

2.3 Expression vectors (I-IV)
This thesis cloned plenty of human protein cDNAs of interest into the pEBB
expression vector derived from the pEF-Bos vector backbone containing an
EF-1α promoter. Table 4 shows the details of these proteins and their mu-
tants.

Table 4. pEBB expression plasmids in this thesis (partly).

Proteins and their mutants Tags  Functions of modification 

Hck p59 - - 

Hck p59 N-terminus, HA tag  blocks Hck PM association 

Hck p59 K269N mutant - catalytically inactive 

Hck p59 Y/F mutant*1 C-terminus, PP*2 tag constitutively active

Hck p61 - - 

Lck Y/F mutant*1 C-terminus, PP tag constitutively active 

Lyn Y/F mutant*1 C-terminus, PP tag constitutively active 

Fyn Y/F mutant*1 C-terminus, PP tag constitutively active 

Fgr Y/F mutant*1 C-terminus, PP tag constitutively active 

GRASP65 C-terminus, myc tag - 

GRASP55 C-terminus, myc tag - 

paxillin C-terminus, myc tag - 

LAMP-1 C-terminus, myc tag - 

Raf-1 N-terminus, PP tag - 

Raf-1 BxB mutant*3 N-terminus, PP tag constitutively active 
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Raf-1 Y340F/Y341F mutant N-terminus, PP tag depletion of phosphorylation by
Hck 

*1 Y/F mutant means changing the C-terminal Csk target tyrosine residues in SFK
members (Hck, Lck, Lyn, Fyn, and Fgr) into phenylalanine. For example, in Hck, the
mutation is Y501F.
*2 A biotin acceptor domain bearing 123 amino acids.
*3 An in-frame deletion of amino acids 26-302.

Besides, the mouse iRhom2 and human RKTG cDNAs were cloned into a
pEGFP-N1 vector (Clontech). pRK5M-TACE was from Rik Derynck
(Addgene plasmid # 31714). TACE K213N/R214G mutant (disrupting furin
cleavage site) and E406A mutant (catalytically dead) were generated to the
same vector background.

Moreover, a panel of nef alleles was cloned into pEBB plasmid with a myc
tag to their C-termini.

Table 5. pEBB plasmids expressing Nef proteins in this thesis.

nef alleles R-clamp H-pocket*1 Hck binding

HIV-1 M SF2 A, Y W, T, Q Yes

HIV-1 M SF2 P76A/P79A mutant A, Y W, T, Q No

HIV-1 M SF2 D178A/E179A mutant A, Y W, T, Q Yes

HIV-1 M SF2 F195A mutant A, Y W, T, Q Yes

HIV-1 M SF2 F94R mutant A, Y W, T, Q No

HIV-1 M SF2 E66A/E67A/E68A/E69A mutant A, Y W, T, Q Yes

HIV-1 M SF2 Y120F mutant A, F W, T, Q Yes

HIV-1 M SF2 Y120I mutant A, I W, T, Q No

HIV-1 M SF2 A83E mutant E, Y W, T, Q Yes

HIV-1 M SF2 A83E/Y120I mutant E, I W, T, Q No

HIV-1 M SF2 A83I/Y120I mutant I, I W, T, Q Yes

HIV-1 M SF2 A83L/Y120I mutant L, I W, T, Q Yes

HIV-1 M SF2 A83M/Y120I mutant M, I W, T, Q Yes
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HIV-1 M SF2 A83Q mutant Q, Y W, T, Q Yes

HIV-1 M SF2 A83Q/Y120I mutant Q, I W, T, Q No

HIV-1 M SF2 A83S mutant S, Y W, T, Q Yes

HIV-1 M SF2 A83S/Y120I mutant S, I W, T, Q No

HIV-1 N 02CM-DJO0131 A, F W, T, Q Yes

HIV-1 N YBF106 A, F W, T, Q Yes

HIV-1 N S4858 A, F W, T, Q Yes

HIV-1 N YBF30 Q, I W, T, Q No

HIV-1 N YBF30 Q83M mutant M, I W, T, Q Yes

HIV-1 N YBF30 I120F mutant Q, Y W, T, Q Yes

HIV-1 N 2693BA M, I W, T, Q Yes

HIV-1 N 2693BA M83Q mutant Q, I W, T, Q No

HIV-1 O 13127k4 G, F W, T, Q Yes

HIV-1 P RBF168 A, F W, T, Q Yes

SIVcpz (P.t.t) CAM3k1 A, F W, T, Q Yes

SIVcpz (P.t.t) MB897 A, F W, T, Q Yes

SIVcpz (P.t.t) GAB2cl48 A, Y W, T, Q Yes

SIVcpz (P.t.t) Cam5 Q, I W, T, Q No

SIVcpz (P.t.t) Cam5 I120Y mutant Q, Y W, T, Q Yes

SIVcpz (P.t.t) EK505 E, I W, T, Q No

SIVcpz (P.t.t) EK505 E83M mutant M, I W, T, Q Yes

SIVcpz (P.t.t) EK505 I120Y mutant E, Y W, T, Q Yes

SIVcpz (P.t.t) ch-Nok5 I, I W, T, Q Yes

SIVcpz (P.t.t) ch-Nok5 I83Q Q, I W, T, Q No

SIVcpz(P.t.s) Tan2 L, I W, T, Q Yes

HIV-2 310319k2 L, I Y, E, E No

HIV-2 301248k2 L, I Y, E, E No

HIV-2 CBL23 L, I Y, E, E No
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SIVsmm FWR1 L, I Y, E, E No

SIVsmm FFm1 L, I Y, E, E No

*1 “H-pocket” means the reported three residues (at positions 113, 117, and 118) in
a hydrophobic pocket in Nef, which play an important role in Nef-SH3 domain inter-
action.

Most of the Nef variants were subsequently cloned into a pWPI-GFP vector
for (IV) study.

2.4 Cell lines (I-IV)
We obtained the human embryonic kidney 293 (HEK293), THP-1, and Jurkat
cell lines from ATCC (I-IV). CRISPR-Cas9 technology was utilized to knock
out GRASP55 or GRASP65 gene in HEK293 cells, generating the
GRASP55/65 knockout (KO) cell lines (II). HZ-1 cells were generated by
transducing an HIV-derived lentiviral vector encoding Hck p59 protein in
HEK293 cells (I-IV). We infected HEK293 cells with the pseudo lentiviruses
containing the iRhom2 shRNA sequence to produce stable iRhom2 knock-
down (KD) HEK293 cells (II). All of the cells mentioned above were cultured
in Dulbecco’s Modified Eagle’s Medium (DMEM) (Sigma Aldrich) supple-
mented with 4500 mg/L of glucose, 10 % fetal bovine serum (FBS) (Gibco),
0.05 mg/Ml penicillin (Sigma Aldrich), 0.05 mg/mL streptomycin (Sigma Al-
drich), and 1 mM L-Alanyl-L-glutamine (Sigma Aldrich). Jurkat cells were
transduced by CD4-containing lentiviral vectors, which generated a CD4 sta-
ble expression Jurkat cell lines (IV). THP-1 cells were infected with a Nef-
encoding HIV-derived lentiviral vector and were differentiated into M1-like
macrophages by PMA and GM-CSF (III). Jurkat, THP-1, and macrophages
derived from THP-1 cells were grown in RPMI-1640 medium (Sigma Aldrich)
containing 4500 mg/L of glucose, 10 % fetal bovine serum (FBS) (Gibco),
0.05 mg/ml penicillin (Sigma Aldrich), 0.05 mg/ml streptomycin (Sigma Al-
drich), and 1 mM L-Alanyl-L-glutamine (Sigma Aldrich). All of these cells were
cultured in a 37 ºC incubator under 5 % CO2 condition.

2.5 Knock out GRASP55/65 by CRISPR-Cas9 tech (II)
HEK293 cells were seeded in 6 well plates and were transfected with 0.5 μg
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Cas9 plasmid together with 1.5 μg pKLV-puro plasmid containing gRNA 5’-
CCTTTCTTTGATTTTATTGTTTC-3’ targeting the second exon of the human
GRASP55 gene (NM_015530) or gRNA (5’-GAGAAATTCCCGACAC-
GTCCAGG-3’) targeting the eighth exon of human GRASP65 gene
(NM_031899). 48 hours post-transfection, cells were selected with 6 μg/ml
puromycin for 2 days, then diluted and seeded in 96-well plates for single-
cell selection. Western blotting tech was utilized to select the GRASP55/65
gene KO clones.

2.6 Lentiviral vector transduction (I-IV)
HEK293 cells were cultured in 6 well plates and co-transfected with 2.5 μg
pDelta8.9, 1.5 μg VSV-G, and 3 μg pWPI-puro plasmid containing specific
DNA sequences (human Hck-p59 cDNA for example). After 5 hours, the me-
dium was refreshed with cell culture media. After 48 hours, the medium was
collected, followed by being purified via a 0.22 μm filter. Filtered virus-con-
taining medium were added to fresh HEK293, THP-1, or Jurkat cells. After
24 hours, transduced cells were selected with 6 μg/ml puromycin for 2 days
to became the stable gene knock-in (Hck-p59 for example) or KD (such as
iRhom2 or nSMase2) cells. Significantly, the Hck-p59 stable expression
HEK293 cells were named HZ-1 cells.

2.7 EV and cell lysate preparations (I-III)
EV pellets were generated by a 3-step centrifugation method. Firstly, 12 ml
of cell culture medium was collected and spun at 1000 x g for 10 minutes,
followed by second centrifugation at 10,000 x g for 30 minutes, and ultra-
centrifugation at 100,000 x g for 90 minutes. All of these centrifuges should
work under 4 ºC conditions. The supernatant needed to be carefully removed
from tubes to prevent losing any EV pellets after the final step of centrifuga-
tion, and the pellets were resuspended in 100 μl of Laemmli sample buffer
as EV preparations.

Cells were collected and lysed on ice for 10 minutes in lysis buffer (150 mM
NaCl; 50 mM Tris-HCl, pH 7.4; 1% NP40, 10 mM 1, 10-phenanthroline, plus
Pierce™ protease and phosphatase inhibitor tablets as recommended by the
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supplier (Thermo Fisher Scientific)) and centrifuged at 16,000g at 4 ºC to
obtain post-nuclear supernatants.

2.8 Immunoblots (I-IV)
We used Standard SDS gel electrophoresis, Western blotting, and IRDye-
labeled detection reagents to analyze proteins from cell lysates and EVs. The
Odyssey infrared imaging system and Image Studio v3.1 software (LI-COR
Biosciences) were utilized to visualize the blots.

2.9 Deglycosylation analyses (II)
HEK293 cells were collected and lysed on ice for 10 minutes in lysis buffer
and centrifuged at 16,000g at 4 ºC to obtain post-nuclear supernatants. Sub-
sequently, the lysates were denatured at 90 ºC for 10 min, followed by treat-
ment with Endo H or PNGase F according to the manufacturer’s instructions.

2.10 XBP1 splicing (II)
The RNeasy Mini kit (Qiagen) was used to isolate total cellular RNA. The
DNA contamination was eliminated by DNase digestion (RNase-free DNase
kit; Qiagen). For RT-PCR, 500 ng of total RNA was transcribed to cDNA us-
ing the TaqMan reverse transcriptase kit (Applied Biosystems). 1μl of diluted
cDNA template (20 ng) was mixed with 200 μM dNTPs, 300 nM forward (5´-
TTA CGA GAG AAA ACT CAT GGC C-3´) and reverse (5´- GGG TCC AAG
TTG TCC AGA ATG C -3´) primers, 5 μl 10 × optimized DyNAzyme buffer
(F-511, Thermo), 1 μl DyNAzyme II DNA polymerase (Thermo), and nucle-
ase-free water to a total volume of 50 μl. The PCR cycle started with a 1 min
incubation at 94 ºC, then 35 cycles for 1 min at 94 ºC, 1 min at 54 ºC,1 min
at 72 ºC, and a final incubation 72 ºC for 10 min.

2.11 AP-1-driven luciferase reporter assay (III-IV)
HZ1 cells were co-transfected with pEBB expression plasmids containing
one nef allele, reporter plasmids bearing AP-1 binding motifs inserted in the
promoter to drive the AP-1 inducible expression of firefly luciferase, and pRL-
TK plasmids (Promega) expressing low and constitutive levels of renilla lu-
ciferase. Cells were collected, followed by being lysed with lysis buffer
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(Promega) on ice. Dual-LuciferaseR reporter assay system (Promega) was
utilized to determine luciferase activities measured by Berthold Sirius single
tube luminometer.

2.12 Flow cytometry analysis of CD4 (IV)
CD4 stable expression Jurkat cells were transduced with lentiviral vectors
expressing Nef variants for 3 days. Subsequently, Jurkat cells were collected
and washed twice with PBS (Ph7.4), followed by being fixed for 20 min at
room temperature with 1% Paraformaldehyde (PFA) (Sigma). Cells were
subsequently washed with PBS containing 2% FBS (FACS buffer) twice and
stained with Alexa Fluor 647 conjugated anti-human CD4 antibody for 40 min
at room temperature, and then washed twice with FACS buffer and re-sus-
pended in PBS. CD4 cell surface expression levels were analyzed by a BD
Accuri C6 flow cytometer (BD Biosciences), and data analysis was performed
using FlowJo software (version 10.4, Ashland OR: Becton, Dickinson, and
Company).

2.13 Immunofluorescence microscopy (II)
Cells were seeded on 13mm #1.5 coverslips 24h before transfection. 24
hours post-transfection, the cells on coverslips were fixed with 4% PFA for
15min, washed twice with PBS+0.2% BSA, and permeabilized with 0.2% for
10min, followed by washing twice with PBS+0.2% BSA. The coverslips bear-
ing cells were incubated with primary antibodies (an anti-TACE antibody, for
example) in PBS containing 0.2% BSA at 37 ºC for 45min. Coverslips were
washed and stained with secondary antibodies (such as Alexa Fluor 488
(Invitrogen)), followed by being mounted on microscope slides with Pro-
Long™ Glass Antifade Mountant with NucBlue™ Stain (Invitrogen). The cells
on coverslips were visualized under Zeiss LSM 780 Confocal microscope.
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Results
3.1 Kinase activation promoted EV secretion of TACE (I-III)
3.1.1 Circulating EVs in HIV-1 infected individuals contained Hck and
TACE (I)
pEVs were isolated from non-viremic patients and healthy controls and were
blotted for 7 tyrosine kinases. Results identified Hck in all HIV positive pEV
samples and not in controls (I, Figure 1A). Moreover, an anti-phospho-Src-
family antibody could recognize a phosphorylated SFK in HIV patient sam-
ples, suggesting that Hck in pEVs is activated (I, Figure 1A). Lastly, co-im-
munoprecipitation results showed that the TACE in pEVs is associated with
Nef and Hck (I, Figure 1B). These results suggested a correlation between
tyrosine kinase activation and EV packaging of TACE in HIV-1-infected indi-
viduals.

3.1.2 Src family tyrosine kinases induced TACE secretion into extra-
cellular vesicles (I-II)
In addition to Hck, other Src family tyrosine kinases, such as Yes and Fyn,
were also identified in purified pEV samples from HIV patients (I, Figure 1A).
These results strongly suggested that activation of Src family kinases might
be involved in EV secretion of TACE. To study this hypothesis, we generated
a constantly active form (YF mutant) of human Lck, Hck, Lyn, Fgr, or Fyn and
overexpressed one of them together with TACE and paxillin, a direct sub-
strate for SFKs (Hck-YF, TACE, and paxillin, for example) in HEK293 cells.
Results showed that all of them could promote the EV secretion of TACE and
directly induce paxillin phosphorylation (II, Figure 1A), suggesting Src family
kinases played an important role in mediating the levels of TACE in EV sam-
ples.

3.1.3 Nef-induced Hck activation triggered EV secretion of TACE (I-III)
We generated an HEK293-derived cell line stably expressing relatively mod-
est and presumably physiological levels of Hck, named as HZ-1 cells, to
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study the Nef-Hck interaction and their roles in TACE secretion. Co-expres-
sion of HIV-1 Nef and TACE in HZ-1 cells or co-transfection of Hck and TACE
plasmids in wild type HEK293 cells could both trigger TACE secretion into
EVs, whereas over-expression of TACE protein alone in HZ-1 cells was not
enough to promote TACE secretion (I, Figure 1C and E; II, Figure 1B). A
panel of Nef and Hck mutants was generated to understand the key residues
mediating the EV secretion of TACE. Subsequently, we either co-transfected
TACE plasmid with one of these Nef variants in HZ-1 cells or transfected
TACE along with one Hck mutant in HEK293 cells. Results revealed that
substitution of critical residues in the PxxP motif or in the hydrophobic pocket
in Nef could effectively abolish Nef-induced TACE secretion in HZ-1 cells (I,
Figure 1E; III, Figure 1A). However, disruption of key residues in Nef needed
for binding to serine/threonine kinase PAK2, clathrin adaptor protein complex
AP-2, and sorting proteins PACS-1/2 did not substantially mediate TACE se-
cretion and paxillin phosphorylation. This result suggested that SH3-medi-
ated formation of an Hck/Nef complex is required for the EV secretion of
TACE.

Moreover, the Hck isoforms showed different capacities for triggering TACE
secretion into EVs. Although both Hck p59 and p61 isoforms could directly
phosphorylate paxillin, only Hck p59 (the isoform associating with plasma
membrane) contributed to TACE secretion (II, Figure 1C). Furthermore, Hck
required its catalytic domain to trigger the EV packaging of TACE (II, Figure
1C). In addition to these results using over-expression of Hck in HEK293
cells, we showed that in endogenously Hck-expressing myeloid cells (DCs
and macrophages), Nef expression could also promote the EV packaging of
TACE (I, Figure 1K, l, and M). These results emphasized the critical roles of
Nef-Hck interaction in up-regulating TACE-containing EVs.

3.2 Nef/Hck induced TACE secretion via a Golgi bypass
route (II)
To further understand the secretion route of TACE, HEK293, and HZI-1 cell
models were employed to study mediators involved in the Nef/Hck induced
EV secretion of TACE. Interestingly, results showed that Nef-Hck interaction
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promotes TACE secretion into the extracellular space via a Golgi-bypass
route, which depends on GRASP55 and ceramide biogenesis.

3.2.1 Hypo-glycosylated TACE was identified in EVs
Doublets of TACE bands were identified in both cell lysate and EV samples
in western blots; however, the apparent molecular weight of EV TACE was
not the same as those in cell lysate samples (II, Figure 2A). Such variation
was related to 2 post-translational modifications: N-glycosylation and prodo-
main cleavage. We utilized 2 anti-TACE antibodies (against its C-terminus or
the prodomain) and 2 types of glycosidases (Endo H and PNGase F) to ex-
amine the characteristics of TACE species identified in cell and EV prepara-
tions. We showed that both bands of TACE in EV samples are hypo-glyco-
sylated, and one isoform of TACE contains prodomain while the other does
not (II, Figure 2A). The cellular pool has 3 types of TACE: 2 are glycosylated
and only could be found in cell preparations (one is short of the prodomain,
one is not), and the third one contains prodomain but lacks glycosylation.
Both EV and cell preparations possess the third type of TACE. In addition,
we showed that depletion of the furin cleavage site in TACE only abolishes
the TACE isoform lacking prodomain in EV samples. The inactive TACE var-
iant (TACE E406A mutant) and wild type TACE can be secreted into EVs
triggered by Hck activation (II, Figure 2B).

3.2.2 Inducible EV secretion of TACE was independent of iRhom2
To determine whether TACE required iRhoms for EV secretion, we either
decreased (knockdown) or increased (transfection) the levels of iRhom2 ex-
pression in HEK293 cells, together with co-expression of Hck and TACE. iR-
hom2 KD does not change the levels of TACE in EVs and causes no appar-
ent difference in TACE's proteolytic maturation or glycosylation pattern (II,
Figure 3A). Moreover, we found that over-expression of iRhom2 alone is in-
sufficient to trigger TACE secretion. Interestingly, iRhom2 over-expression
can prevent Hck-induced EV packaging of TACE (II, Figure 3B), suggesting
an essential role of co-factor iRhom2 in mediating the fate of TACE.
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3.2.3 From ER to EV, TACE chose a Golgi bypass route
TACE's hypo-glycosylated status in EVs and iRhom-independent TACE se-
cretion results suggested that TACE may select an unconventional secretion
route for its final destiny in extracellular space. To examine this hypothesis,
we employed brefeldin A (BFA) to block the ER-to-Golgi protein trafficking
route and found that such blocking does not prevent EV secretion of TACE.
However, the TACE isoform lacking both prodomain and N-glycosylation is
disappeared in EVs (II, Figure 4A). This result indicated that the furin-asso-
ciated prodomain cleavage requires proper trafficking of TACE from the ER
to the Golgi. The result supported this argument that EV secretion of an MVB
marker LAMP-1 (a typical example of conventional protein secretion) is en-
tirely blocked by BFA (II, Figure 4B).

3.2.4 GRASP and nSmase2 regulated EV secretion of TACE, whereas
ER stress did not
We showed that ER stress is not an inducer for the unconventional TACE
secretion into EVs (II, Figure 4). These results suggested a novel mechanism
that distinguishes it from previously reported UPS cases. These known ER
stress inducers, such as tunicamycin (Tun), BFA, and thapsigargin (TG), all
are unable to promote the unconventional secretion of TACE (II, Figure 4A).
Since the mXBP1 slicing is a known marker for ER stress, we showed that
over-expression of TACE and Hck could not trigger that post-transcriptional
modification of XBP1, which could be perfectly achieved by TG and BFA
treatment (II, Figure 4C). To study the roles of GRASPs in mediating TACE
secretion, we generated GRASP55 or GRASP65 knockout (KO) HEK293
cells by CRISPR technology.

On the one hand, we revealed that over-expression of GRASP55, not
GRASP65, is sufficient to promote TACE secretion into EVs (II, Figure 5B).
On the other hand, GRASP55 KO blocks Hck-induced EV packaging of
TACE almost completely (II, Figure 5A), which suggests that GRASP55 plays
a critical role in regulating the inducible unconventional TACE secretion. In
addition, Knockdown nSmase2, an enzyme synthesizing the ceramide for
MVB formation, could efficiently block Hck-triggered EV packaging of TACE
(II, Figure 6), suggesting TACE might employ the MVBs and exosomes as
their vehicles for trafficking to the extracellular environment.
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3.3 Raf-1/MEK kinases were the downstream mediators of
Hck for triggering unconventional TACE secretion (III)
An earlier study had shown that Nef-triggered Hck activation could up-regu-
late gene expression promoted by the MAPK-associated transcription factor
Activator Protein-1 (AP-1) in macrophages [198]. Therefore we employed
Raf inhibitor LY3009120, MEK inhibitor U0126, and overexpression of RKTG
to test whether the MAPK-cascade activator Raf-1 played a role as the sub-
strate of Hck for TACE secretion into EVs. We showed that treating these
Raf/MEK inhibitors or RKTG co-expression could obviously block Nef/Hck
triggered AP-1 driven luciferase activity and EV packaging of TACE (III, Fig-
ure 2). Moreover, over-expression of the active form of Raf-1 (Raf-BxB) alone
is sufficient to promote TACE trafficking into EVs via an unconventional route
because it is not prevented by BFA treatment (III, Figure 3A). In addition, ER-
to-Golgi blockage by BFA does not inhibit the Raf-BxB-induced EV secretion
of the proteolytically mature form of TACE, showing a similar phenomenon
as in the case of Hck activation (III, Figure 3A). These results suggested that
Raf-1, as the downstream effector of Hck, is necessary and sufficient to trig-
ger the unconventional TACE secretion into EVs.

Results in this thesis also indicated that Raf-1 very likely is directly phosphor-
ylated by Hck. When Raf Y/F mutant (depletion of the sites phosphorylated
by SFKs) was co-expressed with Nef and TACE in HZ-1 cells, the EV secre-
tion of TACE was reduced in a dose-dependent manner (III, Figure 3B). We
did not find evidence for a direct interaction between Nef and Raf-1, suggest-
ing that the signaling axis contributing to TACE secretion is Nef->Hck->Raf-
1->MEK1/2->MAPK.

3.4 The potential application value of MAPK inhibitors for
treating HIV-associated immune activation (I, III)
We had revealed a correlation between the levels of TACE-containing pEVs
and low CD4+ lymphocyte counts in HIV patients receiving antiretroviral ther-
apy (I, Figure 5E). Moreover, we showed that Raf/MEK inhibitors (U0126 for
example) could efficiently block TACE secretion (III). These data inspired us
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to test clinical approved (or under investigational drug status) kinase inhibi-
tors to prevent Nef-induced EV packaging of TACE. HZ-1 cells were co-trans-
fected with Nef and TACE with the treatment of multikinase inhibitors (da-
satinib and sorafenib) and MEK inhibitors (binimetinib, cobitenib, selumetinib,
and trametinib) at concentrations mimicking their peak serum concentration
achieved after clinically used dosing. Results showed that all of these inhibi-
tors could efficiently reduce the levels of TACE in EVs, except sorafenib (III,
Figure 4A). Moreover, to understand more details of their inhibition roles in
the HZ-1 cell model, we studied them over a broad range of concentrations
(from 5 nM to 50 μM) for their capacity to suppress AP-1 driven luciferase
activity induced by Nef. We observed that all the MEK inhibitors and dasatinib
could reduce the Nef/Hck promoted AP-1 activity in a dose-dependent man-
ner, though some of these inhibitors show a toxic role for cells at high con-
centrations (50 μM for example) (III, Figure 4B).

In addition to the HZ-1 cell model, we utilized M1 macrophage-like cells dif-
ferentiated from the human monocytic THP-1 cell line to examine the Nef-
triggered Hck-Raf-MEK activation and roles of these pharmacological inhibi-
tors. We infected THP-1 cells with a Nef-encoding HIV-derived lentiviral vec-
tor and differentiated these cells into an M1 macrophage phenotype. Results
showed that ERK1 and 2 are apparently phosphorylated in these Nef-trans-
duced macrophages and not in control macrophages without Nef expression
or transduced with the Nef-AxxA mutant-containing viruses (III, Figure 4C).
Moreover, the Nef-triggered ERK activation is fully inhibited by treating cells
with these pharmaceuticals at the concentrations mimicking Cmax, showing
a similar pattern as in the HZ-1 cell model (III, Figure 4C).

3.5 Nef residues were involved in Hck activation and signal
transduction (III-IV)
3.5.1 The Nef PxxP motif and hydrophobic pocket were required for
Hck-triggered EV secretion of TACE (III)
To study whether HIV-2 and SIV Nef variants could activate Hck and trigger
Hck-dependent EV packaging of TACE, we co-transfected TACE with Nef
variants (HIV-1 O, HIV-2, SIVcpz, SIVsmm, and SIVmac239 nef alleles) and
found that HIV-1 O and SIVcpz Nefs are able to trigger vesicle secretion of
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TACE whereas HIV-2 and SIVmac239/SIVsmm Nefs could not (III, Figure
1B).

3.5.2 Identifying a novel structural strategy regulating Nef-Hck interac-
tion (IV)
3.5.2.1 HIV-1 N YBF30 Nef failed to activate Hck
The AP-1 driven luciferase reporter system was employed to study Nef-SH3
domain interaction. Although most HIV-1 Nef proteins could bind to the Hck-
SH3 domain and trigger Hck activation, the HIV-1 N YBF30 Nef variant bear-
ing isoleucine in position 120 failed to promote Hck-dependent AP-1 activity
(IV, Figure 4A). Generation of I120Y mutation in YBF30 could rescue its ca-
pacity to activate Hck. Similarly, the SF2 Nef Y120I variant could not trigger
AP-1 activity in HZ-1 cells. All these data indicated that the residue in position
120 plays an essential role in Nef-Hck complex formation.

3.5.2.2 HIV-1 N 2693BA Nef could cause Hck activation
However, another HIV-1 N Nef variant, 2693BA, containing isoleucine at the
same position (I120), could successfully up-regulate AP-1 activity to a similar
level as induced by HIV-1 M SF2 Nef (IV Figure 1). This data suggested that
residue at position 120 and other residues might form a particular structure
to determine the interaction between Nef and Hck. We took a more detailed
look at the X-ray structure of the Nef-SH3 complex (PDB: 1EFN) and found
that the residues at positions 83 and 120 can form a ‘clamp’ supporting the
salt bridge between Nef R77 and Hck D100 (IV, Figure 3). Therefore, we
substituted methionine for glutamine in position 83 in YBF30, or inversely
replaced methionine with glutamine in 2693BA at the same site, and found
Nef bearing the M83-I120 type R-clamp could activate Hck whereas Nef con-
taining Q83 and I120 could not (IV, Figure 4).

3.5.2.3 R-clamp formed by a particular combination of residues in 83
and 120 could help Nef-Hck interaction
We aligned all the known Nef sequences in the Alamos database and found
that the R-clamp could be categorized into 4 groups (IV, Table I). To study
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which group(s) could positively regulate the formation of the Nef-Hck com-
plex, we cloned a panel of Nef genes, including HIV-1 N, O, and P, as well
as SIVcpz P.t.t and SIVcpz P.t.s nef alleles into the C-terminus myc-tagged
expression plasmid, and induce mutations in the same vector background.
Meanwhile, we cloned these Nef variants into the lentiviral vector pWPI-GFP
to infect CD4 stable expression Jurkat cells to test the capacities of these Nef
variants for downregulating CD4 cell surface expression. We showed that
although all these isoforms of Nef could trigger CD4 endocytosis in Jurkat
cells, their ability to activate Hck differs (IV, Figure 1C, 4B, and 5B). In sum-
mary, we revealed that the following combination: 83 (A/G)–120 (Y/F), 83
(D/E/Q/S)–120 (Y/F), and 83 (I/L/M/V)–120 (I) in Nef are the types of R-clamp
promoting Nef-Hck interaction whereas 83 (D/E/Q/S)–120 (I) R-clamp does
not.
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Discussion
4.1 Chronic immune activation
Although antiretroviral therapy (ART) can effectively inhibit HIV replication,
chronic immune activation and low CD4+ T lymphocytes are seen in some
infected individuals [199]. Prof. Baur and colleagues had shown that the
amount of plasma extracellular vesicles (pEVs) is significantly increased in
HIV-infected individuals compared to healthy individuals [159]. Moreover, the
levels of pEVs do not considerably decrease even in those patients receiving
ART. Interestingly, pEVs comprise HIV-1 accessory protein Nef and pro-in-
flammatory regulator TACE, which are strongly associated with low CD4+ T
cell counts and markers of immune activation [159]. Therefore, the HIV-1 Nef
and pEVs might play an essential role in chronic immune activation.

However, the mechanism of chronic immune activation is complicated and
not fully understood. In addition to the Nef-TACE-EV hypothesis, some other
proposed mechanisms might contribute to chronic immune activation. Firstly,
the loss of immune function in the gastrointestinal (GI) tract is potentially a
contributor. Published studies [200] revealed that CD4+ T lymphocytes are
prominently depleted from the GI tract in the first weeks of infection. The
massive loss of CD4+ T cells is associated with the disruption of tight junc-
tions and mucosal intestinal barrier, resulting in the translocation of microbial
products (LPS, for example) from the intestinal lumen to the systemic circu-
lation [201]. The bacterial and fungal products might trigger various immune
cells to produce and secrete pro-inflammatory cytokines and maintain
chronic immune activation. Secondly, the programmed death caused by HIV
replication intermediates in non-permissive CD4+ T cells (pyroptosis) might
trigger chronic immune activation [202]. The bystander CD4+ T cells in lym-
phoid tissues initiate a lethal innate immune response, known as pyroptosis,
when sensing the incomplete HIV-1 DNA products generated by inefficient
viral reverse transcription inside the cells [65]. Such pyroptosis causes the
breakdown of cell membrane and secretion of cytokines and the damage-
associated molecular pattern (DAMP) (cytokines and mitochondria DNA, for
example), which sustains chronic inflammation and promotes immune acti-
vation.
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Given the complex interaction between HIV and the host immune system, all
the 3 mechanisms proposed above might synergistically induce chronic im-
mune activation. Moreover, the primary mechanism might differ in different
infected individuals and/or different phases of HIV infection.

4.2 Nef-Hck interaction and Hck activation
Nef, a primate lentiviruses' accessory protein, interacts with many different
host cell proteins to regulate virus replication and immune evasion. HIV-1 Nef
is a vital player in AIDS disease progression that down-regulates the cell sur-
face expression of MHC-I to prevent antigen presentation and the killing of
infected cells by cytotoxic T lymphocytes [203]. Nef also increases CD4 en-
docytosis to avoid superinfection and maintain viral productivity [204]. In ad-
dition to these roles, HIV-1 Nef can interact and activate Hck, a Src kinase
member, achieving its regulatory function in the macrophage linage (another
HIV-1 primary target cell type) and CD4+ T lymphocytes [205].

We monitored EV secretion of TACE, paxillin phosphorylation, and AP-1 ac-
tivity as downstream effects of Nef-induced Hck activation. These results re-
vealed that, on the one hand, HIV-2 and SIVsmm nef alleles are unable to
promote EV secretion of TACE and paxillin phosphorylation via Hck activa-
tion apparently because of their Y113-E117-E118 residues in the hydropho-
bic pocket, decreasing Nef’s ability for Hck binding [56]. On the other hand,
most HIV-1 and SIVcpz Nef proteins could bind and activate Hck because
they have the PxxP motif to attach to the SH3 domain and the hydrophobic
pocket, improving Nef-SH3 interaction. Interestingly, we found one HIV-1 N
nef allele (YBF30) and two SIVcpz nef alleles (Cam5 and EK505), bearing
PxxP motif and the W113-T117-Q118 residues in the hydrophobic pocket,
but still are unable to activate Hck. We showed that they do not have a proper
R-clamp formed by residues at positions 83 and 120. The R-clamp plays an
essential role in regulating the salt bridge formation between Nef R77 and
SH3 D100.

Interestingly, although the 83 (A/G)–120 (Y/F) combination is popular in HIV-
1 and SIVcpz, supplying an ideal clamp for the Nef-Hck complex formation,
some nef alleles consisting of the 83 (M/I/L)–120 (I) combination offer an
alternative functional clamp for efficient Nef-Hck interaction. A reported study
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by Schindler et al. showed the different capacities of HIV-1, HIV-2, and SIV
Nef proteins in suppressing TCR signaling [206]. Their results showed that
high levels of TCR-CD3 downmodulation are driven by nef alleles from HIV-
2 and some SIV lineages, including SIVsmm, SIVrcm, SIVdeb, SIVsyk,
SIVblu, SIVsun, SIVtan, and SIVsab. However, such downmodulation is not
mediated by nef alleles from HIV-1 and these SIV lineages: SIVcpz (P.t.t),
SIVcpz (P.t.s), SIVgsn, SIVmus, and SIVmon. In this case, Nef-regulated
suppression of T cell activation and inhibition of T cell death, a property of
primate lentiviruses, is lost during viral evolution in a lineage that gives rise
to HIV-1. However, according to our hypothesis, HIV-1 gained the capacity
of binding to Hck-SH3 during viral evolution, activating such kinase and trig-
gering chronic immune activation. Probably, both the loss-of-function and
gain-of-function of Nef lead to the greater pathogenicity of HIV-1 in humans.

Hck p59 is myristoylated and palmitoylated, whereas another Hck p61 iso-
form is only myristoylated but lacks palmitoylation [207]. The different post-
translational modifications direct Hck p59 and p61 to different subcellular lo-
calizations (plasma membrane or lysosomes, respectively). We found that
Hck p59 and p61 share a similar ability to phosphorylate paxillin. However,
only Hck p59 could trigger the EV packaging of TACE. A similar difference
between Hck p59 and p61 is shown in regulating phosphorylation of FCRL4
[208]. A group of memory B cells (Bmem cells) express the transmembrane
receptor FCRL4 on the cell surface to mediate immune activity [209]. FCRL4
is phosphorylated by the catalytically active form of Hck p59 and not p61,
suggesting that Hck needs to be associated with the plasma membrane to
interact with FCRL4 [208]. These data indicated the importance of plasma
membrane association of Hck for activating particular downstream media-
tors. Since we found that the Hck p59 isoform presents in EVs and not the
p61, it would be interesting to study the roles of EVs bearing Hck p59 in the
immune system and study possible associations between the levels of EV
packaging Hck p59 with other chronic immune disorders.

4.3 Raf’s role in Nef/Hck induced EV secretion of TACE
SFKs play essential roles in cellular signaling pathways and phosphorylate
numerous substrates [210]. Raf proteins (A-Raf, B-Raf, and C-Raf/Raf-1) can



68

be activated by SFKs via Ras GTPases and/or by direct tyrosine phosphor-
ylation [211]. A previous study had shown that Nef-induced Hck activation
could promote gene expression via MAPK-regulated transcription factor ac-
tivator protein-1 (AP-1) [198]. We revealed that Raf-1 plays a mediator role
in Nef/Hck triggered EV packaging of TACE and is sufficient to induce TACE
secretion. Expression of the active form of Raf-1 (Raf-BxB) alone is enough
to release TACE into the extracellular environment. These results suggested
that Raf-1 plays as a unique downstream regulator in Nef- and Hck-induced
TACE secretion. Interestingly, previous results from Hodge et al. reported
that Nef is able to interact with Raf-1 directly, and indicated the Nef residues
E178/D179 as the Raf-binding site [212]. However, they did not report the
functional role of Nef-Raf interaction, and no follow-up studies on this finding
were reported. We tried to examine the interaction between Nef and Raf-1
but failed to observe significant co-immunoprecipitation of over-expressed
Nef and Raf-1. Also, we found that the Nef-EDAA mutant could induce the
EV packaging of TACE as well as wild type Nef, showing that disruption of
this putative Raf-binding site in Nef does not affect the capacity of Nef to
trigger Hck/Raf-1-mediated TACE secretion. In our study, the MEK inhibitors
could efficiently block Nef/Hck/Raf-1 initiated EV packaging of TACE as well
as AP-1 driven luciferase activity, indicating that the MEK1/2 kinases are the
direct and only substrates of Raf-1, and they play important roles in EV pack-
aging of the pro-inflammatory mediator TACE.

4.4 MEK inhibitor as a novel strategy for treating HIV-associ-
ated immune activation
Interestingly, although sorafenib does not down-regulate Nef-triggered AP-1
activity or EV secretion of TACE, all 4 MEK inhibitors (binimetinib, cobitenib,
selumetinib, and trametinib) and dasatinib can effectively reduce AP-1 activ-
ity and TACE secretion at relevant concentrations. We found that HIV-1 Nef
could promote phosphorylation of endogenous ERK, and those inhibitors
completely block the Nef-induced ERK phosphorylation. It is known that the
circulating vesicles contain Nef-induced TACE in HIV patients, Raf-MEK-
ERK signaling cascade contributes to EV packaging of TACE, and clinically
approved kinase inhibitors can block Nef-promoted TACE secretion. There-
fore, further studies could employ these pharmacological MAPK inhibitors to
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treat HIV-infected individuals who have received ART therapy but still suffer
from chronic immune activation.

A previous study showed that the Raf-MEK-ERK cascade could modulate
HIV-1 replication [213]. The MEK inhibitor U0126 is able to block the replica-
tion of R5-tropic HIV-1 and not X4-tropic HIV-1 [213]. Moreover, the MEK-
ERK kinases do not affect the reverse transcription of the lentiviruses but
regulate the nuclear import of R5-tropic HIV-1 [213]. Furthermore, it was re-
ported that apoptosis signal-regulating kinase 1 (ASK1) could be inhibited by
both HIV-1 Nef [70] and Raf-1 [106]. Together with our TACE secretion re-
sults, these findings strongly suggest multiple Raf-1 roles in HIV pathogene-
sis, immune activation, and AIDS development. Further studies might pro-
vide more data to understand whether Nef and Hck are the upstream medi-
ators in the MEK-ERK-regulated nuclear import of HIV-1 in macrophages and
how effective the pharmacological MAPK inhibitors can suppress the M-
tropic HIV replication. Moreover, since the Raf-MEK-ERK kinases play sig-
nificant roles in HIV pathogenesis and chronic immune activation, and Raf-1
antagonizes ASK1 through a MEK-ERK independent mechanism, it could be
worth testing the clinical approved MEK inhibitors as the “off-label use” to
examine their advantages in treating HIV infection and develop pharmaceu-
tical molecules targeting Raf-1.

4.5 Unconventional EV secretion of TACE
Understanding how TACE is transferred from producer cells to extracellular
vesicles is essential to elucidate the mechanism of HIV-1-associated chronic
immune activation and provide novel perspectives on pharmaceutical design.
We showed that HIV-1 Nef promotes the immune regulator TACE into EVs
via the Golgi bypass pathway by activating tyrosine kinase Hck. We revealed
that the TACE proteins in EVs are hypo-glycosylated, distinguishing them
from the predominant cellular TACE species. N-glycosylation inhibitor tuni-
camycin and the ER to Golgi transport inhibitor BFA could not block EV se-
cretion of TACE, while both inhibitors enable to stop LAMP-1 trafficking into
EVs efficiently.

Typically TACE requires chaperons iRhom1/ 2 for its proper ER-to-Golgi traf-
ficking and subsequently secretion to the plasma membrane [162]. However,
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we showed that the iRhom1/2 is not essential for the Nef/Hck regulated un-
canonical TACE secretion. Usually, chaperons assist secretory proteins to
fold correctly, receive appropriate modifications, and transport through differ-
ent cellular organelles [214]. However, the unconventional secretion machin-
ery can offer an alternative secretion route independent of chaperon binding.
For example, the CFTR ΔF508 mutant causes cystic fibrosis since it does
not fold properly and accumulates in the ER [147]. The unconventional se-
cretion machinery could rescue it from ER to the plasma membrane.

Similarly, the pendrin H723R mutant is the cause of hearing loss and Pen-
dred syndrome due to the lacking of correct protein folding and cell surface
expression [215]. HSP70 co-chaperone DNAJC14 can help the pendrin mu-
tant trafficking to its final destination via the uncanonical secretion pathway
[215]. These reported results suggested a potential strategy for treating “loss
of function” diseases by employing unconventional protein secretion machin-
ery.

Interestingly, those transmembrane proteins utilizing the Golgi bypass route
might also be secreted to their destinations via the conventional trafficking
pathway. In our results, although the BFA treatment fails to block UPS-regu-
lated EV packaging of TACE, the proteolytically matured form of TACE does
not present in EVs. TACE maturation is caused by losing its prodomain
cleaved by the convertase furin in the trans-Golgi and endosomal vesicles.
These results suggested that, compared with wild type proteins, the protein
mutants rescued by utilizing UPS machinery might show different biochemi-
cal characteristics in their final destinations.

We had shown the Nef/Hck and Raf-1 could promote the unconventional se-
cretion of TACE. Interestingly, GRASPs, which are known to regulate other
types of ER-stress-induced uncanonical protein secretion in previous reports,
can mediate the ER-stress independent Golgi-bypass TACE secretion. It was
reported that ERK kinases might phosphorylate serine residues in GRASP
to modulate Golgi dynamics [216]. Moreover, there is a Golgi-associated
form of ERK, ERK1c [217], which probably would be the downstream regu-
lator of Nef/Hck/Raf-1 in promoting TACE secretion into EVs.
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Further studies might provide a deeper understanding of the TACE trafficking
route after ER exit. Membrane-bound vesicles are the vehicles for transport-
ing secretory proteins, which bud from a donor organelle and fuse with an
acceptor organelle [169]. For example, COP II-coated vesicles carry cargo
proteins from the ER to the Golgi, whereas COP I-coated vesicles transfer
proteins from Golgi back to ER [218]. We found that over-expression of Sar1
T39N mutant (our unpublished data), an essential mediator for COP-II vesi-
cle that packages cargo proteins at the ER exit site (ERES), could block the
Nef/Hck induced unconventional secretion of TACE. Although the COP I ves-
icles are not involved in the unconventional protein secretion route, COP II
vesicles and the ERES likely mediate the sorting and packaging of these
“special passengers” to their destinies via the Golgi-bypass route. Therefore,
the role of ER to Golgi intermediate compartment (ERGIC) becomes very
interesting. Is it a “bus stop” for these “special passengers” and “COP II-
coated buses”?

ERGIC-53 is a marker for ERGIC that serves as a mannose-specific lectin
and a cargo receptor for transport proteins from the ER to the ERGIC and
then the Golgi [219]. Since we found the TACE species in EVs contain no N-
glycosylation at the S/T residues, ERGIC might be a bypass site in the un-
conventional secretion route and might also house other receptors for these
special ones hypo-glycosylated cargos.

Many ER storage diseases (ERSD) are caused by the ER accumulation of
endogenous proteins harming cellular functions [220]. The alpha-antitrypsin
(AAT) deficiency is a typical example of ER storage diseases since the ER
retention of AAT in the liver caused its hepatic accumulation and failure of
reaching the lungs, which lead to both liver diseases (gain-of-function) and
lung diseases (loss-of-function) [221]. Many published results showed that
the UPS machinery could rescue some proteins retained in the ER to their
destiny [222]. However, none of these studies evaluated the roles of Raf-
MEK-ERK signaling cascade in medicating type III unconventional protein
secretion, which could be a fertile area for future studies on the cell biology
of UPS and its therapeutic applications.



72

Conclusions and prospects
Results in this thesis showed that HIV-1 Nef could promote the packaging of
the pro-inflammatory protease TACE into EVs via an unconventional secre-
tion route, which might be involved in the pathogenesis of HIV-1-associated
chronic immune activation. Firstly, this effect of Nef requires the kinase ac-
tivity of Hck and Raf-MEK-ERK signaling pathways. Secondly, we identified
a novel structural feature in Nef, named “R-clamp.” Nef needs a proper R-
clamp to bind to the Hck-SH3 domain. Thirdly, Nef-induced Hck activation
triggers extracellular vesicle secretion of TACE via a pathway that Raf-1 me-
diates. Moreover, clinically approved MEK inhibitors entirely suppress
Nef/Hck/Raf-induced TACE secretion. Lastly, we reported that such EV se-
cretion of TACE is via a Golgi-bypass route, which is not triggered by ER
stress and not dependent on iRhom1/2 but requires GRASP55 expression
and ceramide synthesis.

The studies presented in this thesis reveal the critical roles of HIV-1 Nef in
EV packaging of the chronic immune activation-related pro-inflammatory
transmembrane protease TACE. These data showed that clinically used ki-
nase inhibitors could inhibit Nef-induced EV secretion of TACE at relevant
concentrations, thus suggesting a novel strategy for treating HIV-associated
chronic immune activation.

Further studies might provide a deeper understanding of the mechanisms of
unconventional protein secretion. For example, it could be informative to un-
derstand in more detail how ERK and GRASP55 regulate trafficking of these
secretory transmembrane proteins from the ER to the extracellular environ-
ment; what co-factors are involved in such UPS machinery; and whether Raf
and MEK kinases might be the mediators in the pathogenesis of the human
ER storage diseases.
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