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gp120-derived amyloidogenic peptides form amyloid fibrils

that increase HIV-1 infectivity
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Apart from mediating viral entry, the function of the free HIV-1 envelope protein (gp120) has yet to be elucidated. Our group previously
showed that EP2 derived from one 3-strand in gp120 can form amyloid fibrils that increase HIV-1 infectivity. Importantly, gp120 contains
~30 B-strands. We examined whether gp120 might serve as a precursor protein for the proteolytic release of amyloidogenic fragments
that form amyloid fibrils, thereby promoting viral infection. Peptide array scanning, enzyme degradation assays, and viral infection
experiments in vitro confirmed that many (3-stranded peptides derived from gp120 can indeed form amyloid fibrils that increase HIV-1
infectivity. These gp120-derived amyloidogenic peptides, or GAPs, which were confirmed to form amyloid fibrils, were termed gp120-
derived enhancers of viral infection (GEVIs). GEVIs specifically capture HIV-1 virions and promote their attachment to target cells, thereby
increasing HIV-1 infectivity. Different GAPs can cross-interact to form heterogeneous fibrils that retain the ability to increase HIV-1
infectivity. GEVIs even suppressed the antiviral activity of a panel of antiretroviral agents. Notably, endogenous GAPs and GEVIs were
found in the lymphatic fluid, lymph nodes, and cerebrospinal fluid (CSF) of AIDS patients in vivo. Overall, gp120-derived amyloid fibrils
might play a crucial role in the process of HIV-1 infectivity and thus represent novel targets for anti-HIV therapeutics.
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INTRODUCTION
The spike protein of HIV-1 consists of three gp120 envelope
glycoproteins noncovalently attached to three gp41 transmem-
brane glycoproteins on the surface of virions or infected cells.
Gp120 is essential for viral entry because it binds to the receptor
CD4 and a coreceptor (CCR5 or CXCR4) on target cells to trigger
subsequent membrane fusion [1]. Free gp120 is also reported to
induce inflammation [2], apoptosis [3], and pyroptosis [4] in
various cell lines. Therefore, gp120 is associated with various
pathogenic consequences in vivo, including neurodegenerative
disorders [5], endothelial dysfunction [6], barrier disruption [7],
and bone abnormalities [8]. Several reports have suggested
that gp120 shedding plays an important role in the pathogenesis
of HIV-1.

Amyloids are highly ordered B-sheet-rich protein/peptide assem-
blies deposited in different organs and tissues. These assemblies
have been linked to a variety of human diseases, including

neurodegenerative disorders and systemic and local diseases [9].
They are also highly linked to infectious disease. Some are
themselves infectious, such as prions and amyloid-f (AB), tau, and
a-Syn, which show prion-like spread [10, 11]. Some are enhancers of
microbial infections, including bacteria, fungi, and viruses [12-14].
Seminal proteins, such as prostatic acidic phosphatase and
semenogelins, are proteolyzed in vivo to release amyloidogenic
fragments that form amyloid fibrils, which, in turn, exhibit a cationic
surface that could intensify HIV-1 infectivity [14, 15]. Several
chemicals targeting these seminal amyloid fibrils have been
reported [16]. We also found that peptides derived from the
gp120 coreceptor binding domain can form amyloid fibrils that
promote HIV-1 infection. These peptides are named enhancing
peptides (EPs) [171.

The extended cross-B amyloid motif constitutes the basic
structure of amyloid fibrils [18]. As previously noted, the HIV-1
gp120 subunit consists of 30 B-strands [19, 20]. These B-strands
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Fig. 1 Peptides derived from f-strands in HIV-1 gp120 form amyloid fibrils that strongly increase HIV-1 infectivity. A Ribbon diagram of gp120.
B-Strands of the core gp120 are shown as arrows and are depicted in pink. The a-helices are depicted in blue. p1; p4;, 0 and B15 are not
displayed. Strands 19 and p20, which overlap the sequences of peptides EP1, EP2 and EP3, are highlighted in green. B Electron micrographs
of amyloid fibrils formed by fragments of p-strands in HIV-1 MN gp120. The numbers at the top right of the pictures correspond to the peptide
number of the HIV-1 MN envelope peptide set. Images are shown relative to a scale bar of 100 nm. SEVIs (PAP248-286) and peptide 6324 from
the a-helix region of gp120 served as positive and negative controls, respectively. C Peptides of the p-strands in HIV-1 MN gp120 increased
infection with HIV-1 SF162 in a dose-dependent manner. The results are presented as the fold change in the enhancement relative to that
measured in the absence of peptide. The numbers indicate peptide numbers. The data are presented as the mean (+S.D.) of three
experiments. D The ability of peptides derived from f-strand and o-helix regions in gp120 to increase HIV-1 infectivity was compared.
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E Schematic description of the experimental procedure

are the main secondary structures of gp120 and the shared
motif of amyloid fibrils. Interestingly, EPs are located in 3-strands
19 and 20 in gp120. A shorter form of EP1, identified in gp120-
treated rat hepatocytes, can form amyloid fibrils that increase
HIV-1 infectivity [21, 22]. These findings suggest that some
natural gp120-releasing amyloidogenic peptides or amyloids
might exist. Thus, it is worth studying the natural occurrence of
gp120-derived amyloid fibrils and their physiological relevance
to HIV-1 pathogenesis in vivo.

In this study, a peptide array was first constructed to scan for
overlapping peptides covering the entire length of gp120. This
screen was designed to provide insight into the ability of B-strands
in HIV-1 gp120 to form amyloid fibrils and, in turn, boost HIV-1
infectivity. Next, the presence of gp120-derived amyloidogenic
peptides (GAPs) and amyloids was demonstrated in the products
of enzyme-treated gp120 and HIV-1 infectivity samples in vitro.
The biochemical function of these gp120-derived amyloid fibrils
was also studied. Finally, in vitro findings were confirmed in the
lymphatic fluid, lymph nodes (LNs) and cerebrospinal fluid (CSF) of
AIDS patients ex vivo or in vivo. The results from these studies
support the existence of a novel function of gp120-derived
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infection-promoting amyloid fibrils in viral pathogenesis and
suggest a new target for antiretroviral treatment.

RESULTS

Peptides derived from the B-strands of HIV-1 gp120 form
amyloid fibrils that increase the infectivity of the HIV-1

virus clone

In addition to EPs derived from strands 19 and (320 in gp120 [17],
as noted above, we investigated whether (-strands in gp120
could form amyloid fibrils that are able to increase HIV-1
infectivity. For this purpose, we used an HIV-1 MN Env peptide
set comprising a series of synthetic peptides (15-mers) covering
the full length of the HIV-1 MN envelope with a 4-amino acid shift
for each peptide. The protein gp120 contains 30 B-strands, 6
helices and undefined structures (Fig. 1A). The peptides were first
aligned with the secondary structure (PDB code 3JWD), as
indicated in previous reports [19, 20, 23], via PyMOL. Then, 60
peptides derived from B-strands, 13 peptides derived from
a-helices and 6 peptides covering both B-strands and a-helices
from the peptide set were used for primary screening (Table S1).
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Twenty-nine peptides that might form amyloid fibrils, as indicated
by the increased fluorescence intensity upon binding to thioflavin
T (ThT, =40 units, approximately 50% greater than that of the
solvent control), were identified [24]. All these amyloid-forming
peptides were derived from B-strands in gp120, including strands
B3, B4, B1, B3, B9, P11, B12 and B16-23 (Table S1).

Next, the fibrillary morphology of these B-strand fragments was
examined via transmission electron microscopy (TEM). Many of
these peptides had fibrillary structures, despite minor differences
in shape. Amyloid fibrils formed by several peptides, such as 6257,
6303, and 6314, displayed straight, long, rigid, and unbranched
structures, similar to those of SEVIs (semen-derived enhancers of
viral infection), which are naturally occurring amyloid fibrils in
human semen [14, 25]. Interestingly, amyloid fibrils formed by
fragments, such as 6217, 6281, and 6313, appear to consist of
short, soft, thin structures (Fig. 1B). None of the peptides derived
from the a-helices of gp120 formed amyloid fibrils (Fig. 1B and
Table S1).

Since amyloid fibrils can increase HIV-1 infectivity [14, 17], a
CCR5-tropic clone virus was used to test whether these amyloid
fibrils from the B-fragments in gp120 could also boost HIV-1
infectivity. Strikingly, many (34 out of 60) peptides derived from
gp120 B-strands significantly increased HIV-1 infectivity by 1- to
216-fold (Fig. 1C and Table S1). Some of these peptides mediated
a stronger effect than did EPs (Fig. 1C). In sharp contrast, most
fragments from the a-helix region showed no signs of fibril
formation or enhancement of HIV-1 infectivity. Two peptides
overlapping B-strand and a-helix structures, namely, 6301 and
6305, exhibited moderate increases in infectivity (Fig. 1D and
Table S1). Interestingly, an amyloidogenic peptide derived from
the spike protein of SARS-CoV-2 also increased HIV-1 infectivity
(Fig. S1a). Overall, the peptidic formation of amyloid fibrils in
gp120 correlated with increased HIV-1 infectivity (Fig. S1b),
suggesting that the formation of amyloid fibrils by the fragments
of B-strands in gp120 is essential for the enhancement of HIV-1
infectivity.

According to in vitro peptide library screening, most B-strands
in gp120 can form amyloid fibrils that are capable of driving HIV-1
infection. These peptides derived from {-strands in gp120 are
henceforth termed GAPs, and the amyloid fibrils formed by GAPs
are hereinafter denoted gp120-derived enhancers of viral infec-
tion (GEVIs). It was hypothesized that GAPs and GEVIs might occur
naturally to facilitate HIV-1 infection. To test this hypothesis, the
presence of GAPs and GEVIs was confirmed in the enzymatic
degradation products of gp120, in in vitro-generated conditioned
viral infection samples, and in in vivo-generated lymphatic fluid, as
well as in the LNs and CSF of AIDS patients. The biochemical
properties and functionality of GAPs and GEVIs were also studied
(Fig. 1E).

GAPs and GEVIs occur after enzymatic digestion of gp120

in vitro

Tissue fluid, plasma and lymph contain abundant enzymes. Free
gp120 might be proteolyzed by enzymes in vivo to produce GAPs
and GEVIs. Therefore, the presence of GAPs or GEVIs was
determined after the exposure of gp120 to three enzymes:
thrombin B [26], fucosidase (AFU) [27], and plasmin. After exposure
to each enzyme, HIV-1 gp120 was gradually degraded (Fig. S2). LC—
MS/MS analysis was applied to identify peptide fragments smaller
than 3 kDa among the degradation products. Gp120 was cleaved by
each enzyme, generating fragments of multiple sizes (Table S2).
Many peptides were derived from the f-strand structures,
predominantly 3-10, -13, -14, -20, -21, -22, -23, and -25. Several
representative peptides were selected for chemical synthesis and
characterized according to their biochemical function (Fig. 2A). Most
of the selected peptides were found to form turbid solutions when
dissolved in PBS or first in DMSO followed by dilution in PBS,
suggesting that they can spontaneously form amyloid fibrils. Most
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of these GAPs displayed B-sheet structures, as revealed by circular
dichroism (CD) (Fig. 2B). Accordingly, these GAPs also bound to the
amyloid-specific probes Congo red (Fig. 2C) and ThT (Fig. 2D) in a
dose-dependent manner. As observed by TEM, all these synthetic
GAPs could form amyloid fibril structures (Fig. 2E). Notably, amyloid
fibrils were observed by TEM in all mixtures of enzyme-treated
gp120, whereas the control of each enzyme or gp120 had no
amyloid structures (Fig. 2G).

Most of the amyloid fibrils formed by these enzyme-releasing
GAPs also increased HIV-1 infectivity and some even induced
more pronounced increases in infectivity than did EP2 (Fig. 2F).
Taken together, these results suggest that the enzyme-triggered
proteolysis of gp120 results in the production of GAPs and GEViIs.

GAPs and GEVis exist in the culture medium of HIV-1-infected
cells in vitro

To validate these findings in a more complex biological system,
the presence of GAPs and GEVIs was investigated in the culture
medium of HIV-1-infected cells in vitro. MT-2 cells and CEMx 174
5.25 M7 (CEMx M7) cells were infected with HIV-1 IlIB (X4-tropic)
and HIV-1 SF162 (R5-tropic), respectively. Peptide fragments
smaller than 3 kDa were collected from viral supernatants seven
days post-infection and analyzed by LC-MS/MS. Two GAPs,
namely, GAP380-396 in samples of HIV-1 SF162-infected CEMx
M7 and GAP230-244 in samples of HIV-1 llIB-infected MT-2, were
detected (Fig. 3A, and Fig. S3a, b). Chemically synthesized
GAP380-396 and GAP230-244 had typical B-sheet structures, as
revealed by CD (Fig. 3B). Both peptides bound to the amyloid dyes
ThT (Fig. 3C) and Congo red (Fig. 3D) and formed amyloid fibrils,
as observed by TEM (Fig. 3E). As expected from the above results,
amyloid fibrils formed by these two GAPs could increase infection
by CCR5-tropic HIV-1 SF162 (Fig. 3F), CXCR4-tropic HIV-1 NL4-3
(Fig. 3G) and dual-tropic 81A and NL4-3 (Fig. 3H).

To confirm by confocal microscopy whether GEVIs spontaneously
formed during viral infection, Proteostat” and ThT dyes were
employed to stain amyloid fibrils in the supernatant of infection
samples. Strikingly, fluorescent amyloid structures were detected in
both infection samples (Fig. S3c), while the control culture medium
produced only a limited fluorescence signal, strongly suggesting
that infection-promoting amyloid fibrils naturally exist. Furthermore,
a polyclonal antibody against gp120, which reacts with several (3-
fragments in gp120 (Fig. S3d, e), colocalized with Proteostat signals
(Fig. 3I, J), demonstrating that infection-promoting GEVIs formed
during viral infection.

To verify the findings obtained with confocal microscopy,
immuno-TEM was applied to directly visualize individual fibrils via
high-resolution imaging. The infection samples contained mature
fibrils that could be partly stained with an immunogold-labeled
gp120 antibody (Fig. 3K). However, the immunogold-labeled
antisera did not recognize amyloid fibrils, confirming the presence
of GEVIs in response to infection challenges.

Ability of GEVIs to increase HIV-1 infectivity and their
mechanism of action

GAP380-396 and GAP230-244, found in viral infection samples,
were used to study the ability of GEVIs to promote HIV-1 infection.
Fibrils formed by both GAPs increased the infectivity of R5-, X4-,
and dual-tropic HIV-1 clones in TZM-bl cells at concentrations
20.625 uM (Fig. 3F-H). GEVI also increased the infectivity of
laboratory-adapted HIV-1 1lIB and a panel of primary HIV-1 strains
tested in TZM-bl cells (Fig. 4A). Consistent with previous findings
[14], the most dramatic effects were obtained for infection with
low viral doses (Fig. S3f). In addition to using TZM-bl, a reporter
cell line for a single-cycle infection, the ability of GEVIs to increase
HIV-1 infectivity was also tested in lymphocytes that allow
multiple-cycle infection. As expected, GEVIs also promoted HIV-1
lIB infection in MT-2 cells (Fig. 4B) and HIV-1 SF162 infection in
CEMx M7 cells (Fig. 4C). Notably, different GEVIs mediated distinct
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Fig. 2 Degradation of gp120 in the presence of physiological enzymes releases in vitro GAPs that form amyloid fibrils and increase HIV-1
infectivity. A Selected GAPs found among enzyme-mediated degradation products in vitro. The numbers correspond to the amino acid
positions in full-length gp120. B CD spectroscopic analysis of the B-sheet structures of different GAPs. The final peptide concentration was
150 pM. The experiment was repeated once, and a similar result was obtained. GAPs bind to two specific amyloid fibril dye, including Congo
red (C) and ThT (D), in a dose-dependent manner. The results are presented as the mean + S.D. of three experiments. E Transmission electron
micrographs of amyloid fibrils formed by different GAPs. The scale bars indicate 200 nm for each image. F The enhancement of HIV-1 SF162
infection by GAPs was determined in TZM-bl cells and is shown relative to that measured in the absence of peptide. The data represent the
mean values of triplicate measurements from one of three independent experiments that yielded similar results. G Endogenous amyloids in
gp120-treated with thrombin, AFU or plasmin were detected via TEM. Each enzyme and gp120 set were used as controls. The scale bars
indicate 100 nm for each image
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Fig. 3 GAPs and GEVIs are found in the viral infection supernatant. A Sequence of GAPs found in the supernatant of the viral infection system. B f-
Sheet formation in GAP380-396 and GAP230-244 solutions monitored by CD analysis. The experiment was repeated once, and a similar result was
obtained. Measurement of GAP380-396 and GAP230-244 with the amyloid-binding agents ThT (C) and Congo red (D). The data are presented as the
mean + S.D.s (n = 3). E Electron micrographs of fibrils formed by GAP380-396 and GAP230-244. The scale bars indicate 200 nm for each image. Fibrils
formed by GAP380-396 and GAP230-244 increased the infection of TZM-bl cells by R5-tropic HIV-1 SF162 (F), X4-tropic HIV-1 NL4-3 (G), and dual-
tropic HIV-1 81A and NL4-3 (H). Virions pretreated with GEVI at the indicated concentrations for 5 min were used to infect TZM-bl cells. The cells
were assayed for luciferase activity 48 h post-infection. The results indicate an n-fold increase in infectivity relative to infection in the absence of
fibrils. The mean (+S.D.) values of triplicate measurements from one of three independent experiments yielded similar results. (I, J) A polyclonal anti-
gp120 antibody recognizes infection-generated GEV!I fibrils in vitro. Supernatants from HIV-1 llIB-infected MT-2 cells (I) and HIV-1 SF162-infected
CEMx M7 cells (J) were incubated with pAb-gp120 (upper panel) or control rabbit IgG (lower panel). The amyloid/antibody complexes were then
pelleted, washed, and detected using a FITC-labeled secondary antibody (green). All samples were subsequently costained with amyloid-specific
Proteostat dye (red). The scale bar represents 20 pm. K Immunogold labeling of infection-generated GEVI fibrils. Transmission electron micrographs
of viral infection supernatants treated with pAb-gp120 (upper panel) or control rabbit IgG (lower panel), which were used as primary antibodies,
and gold-conjugated anti-rabbit secondary antibodies. Scale bar, 100 nm. The white arrows indicate gold particles bound to amyloid fibrils
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patterns of increased infection by different viral strains in various
cell lines. Viral properties and fibrillary properties, such as binding
ability and fibril structure, might also influence the ability of GEVIs
to increase HIV-1 infectivity. GEVIs mediated increased viral
infection irrespective of the viral phenotype, genotype, or cell
type.

In examining the infection-generating mechanism of GEVIs, the
supernatant of a GEVI solution did not promote HIV-1 infectivity,
whereas the pellet portion of GEVI was highly active (Fig. 4D). This
observation suggested that mature fibrils, not monomeric
peptides, were responsible for increasing HIV-1 infectivity. Using
a virus removal assay [17], GEVI was shown to increase HIV-1
infectivity only when peptides were added to cells either before or
at the same time as viruses attached to cells. Limited postentry
enhancement of HIV-1 infectivity was detected when peptides
were added after virions had bound to target cells (Fig. 4E).
Therefore, it was concluded that GEVIs target the viral entry
process to boost virus infection.

To understand how GEVIs exert their pathogenic influence on
HIV-1 infectivity, a virus pull-down assay [17] was used for a closer
examination of the mechanism of action. The infectivity of HIV-1
treated with GEVI or EP pellets was markedly greater than that
viruses treated with PBS (Fig. 4F). Moreover, higher viral infectivity
was detected (Fig. 5G) in TZM-bl cells preincubated with GEVIs. The
next logical step was a closer examination of the binding properties
of GEVIs with viruses and target cells. For this purpose, we incubated
Proteostat-stained GEVI with eGFP-labeled HIV-1 virions in the
presence or absence of TZM-bl cells. Fluorescence microscopy
revealed that the GEVIs formed by GAP380-396 (Fig. 4H, upper
panels) and GAP230-244 (Fig. S4a, upper panels) interacted
extensively with HIV-1 virions. Three-color imaging of fibrils, virions,
and cells demonstrated that the fibrils promoted attachment of the
virions to the target cells (Figs. 4H, S4a, lower panels).

The zeta potential further showed that different GEVIs form
amyloid fibrils with distinct surface electrical properties. Fibrils
formed by GAP230-244, for instance, show a positive zeta potential,
similar to that of SEVIs [28]. In contrast, the fibrils of GAP380-396
display a negative zeta potential, while those of EP2 exhibit
dielectric properties (Fig. S4b). Cellulose sulfate, a polyanion with
negative charges, markedly decreased the enhancement of viral
infectivity mediated by GAP230-244 and SEVIs, which have positive
zeta potentials, but had only negligible effects on EP2, which has a
neutral zeta potential, and on the fibrils of GAP380-396, which has a
negative zeta potential (Fig. S4c). The positively charged lysine
residue might be a key residue for the ability of GAP230-244 to
increase HIV-1 infectivity [28]. In contrast, the ability of the fibrils
formed by GAP380-396 to increase HIV-1 infectivity was weakened
in the presence of polybrene, a cationic polymer that neutralizes the
charge repulsion between virions and the cell surface, thereby
increasing infectivity (Fig. S4d). The presence of the hydrophobic
amino acid residue Trp in EP2 may facilitate hydrophobic
interactions between amyloids and the viral membrane and
promote the embedding of fibrils into the cell membrane, thus
increasing viral infection rates [29]. These results suggested that
GEVIs promote viral attachment to target cells via their surface
electrostatic properties.

In summary, these data indicate that the studied 8 fragments in
gp120 can spontaneously form amyloid fibril structures and that,
upon dissolution or dilution of the peptide, the protein can readily
bind to the amyloid fibril-specific dye ThT (Fig. S4e), implying
spontaneous 3-sheet formation.

GEVIs suppressed the anti-HIV-1 activity of antiretroviral
drugs (ARVs)

The anti-HIV-1 activity of several ARV-based microbicides was
impaired in the presence of certain HIV-1 infectivity-enhancing
factors, such as SEVIs and semen [30, 31]. To evaluate whether
GEVIs can also counteract the inhibitory effect of current clinically
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available ARVs, we tested the effects of GAP380-396 and GAP230-
244 on the antiviral activity of four classes of ARVs, namely, entry
inhibitors, non-nucleoside reverse transcriptase inhibitors
(NNRTIs), nucleoside reverse transcriptase inhibitors (NRTIs) and
integrase inhibitors against infection by HIV-1 SF162. Surprisingly,
all the tested ARVs showed reduced anti-HIV-1 activity in the
presence of 1 uM GAPs (Table 1). This low concentration of GAPs
generally decreased the in vitro effectiveness (i.e,, increased the
ICso value) of the ARVs by ~1.0- to 14.8-fold. However, the peptide
from the a-helix region in gp120 had no effect on the antiviral
activity of the ARVs (Table S3). This raises the concern that the
presence of GEVIs in HIV-infected patients may markedly decrease
the in vivo efficacy of antiretroviral therapy.

Different GAPs coaggregate to form heterologous amyloid
fibrils

The copolymerization of different amyloid sequences has been
shown to occur in several amyloid deposition-related diseases
[32, 33]. Because of their specific characteristics, GAP variants
might coassemble and thereby compound the pathogenic in vivo
consequences. To test this hypothesis, we chemically synthe-
sized and analyzed three fluorescently labeled GAPs, FITC-
GAP230-244 (green), Rho-GAP380-396 (red), and MCA-EP2 (blue).
All peptide solutions were turbid and displayed the character-
istic signals of B-sheet structures (Fig. 5A). In addition, all three
fluorescently labeled GEVIs displayed typical fibrillary morphol-
ogies, as evidenced by TEM (Fig. 5A, inserted panels). Therefore,
it was established that fluorescently labeled GAPs can form
amyloid fibrils.

Next, two peptides were simultaneously dissolved (at an equal
molar ratio) to allow cross-reaction. The newly formed hetero-
logous fibrils bound to ThT and Congo red (Fig. S5). After mixing
two or three fluorescently labeled GAPs at a molar ratio of 1:1 or
1:1:1, characteristic thread-like fibrillar shapes were detected in
each mixed sample by TEM (Fig. 5B). Two-or three-color confocal
imaging permitted the visualization of different colocalized GAPs
within the same amyloid deposit (Fig. 5B).

The evaluation of heterologous fibrils showed that the divergent
GEVIs had comparable ability to increase HIV-1 infectivity to that of
the homogeneous GEVIs (Fig. 5C). Interestingly, GAP380-396 and EP2
formed heterologous fibrils with the capacity to induce even more
pronounced infectivity than homogeneous fibrils (Fig. 5C). It remains
to be investigated whether coaggregation alters the properties of
heterologous fibrils compared to those of homogeneous fibrils in
the context of heightened HIV-1 infectivity. In addition, heterologous
fibrils with different florescent signals within a single fibril should be
further visualized by two-color superresolution microscopy.

GAPs and GEVIs occur in the lymph tissue of HIV-1/AIDS
patients

The physiological presence of GAPs and GEVIs in AIDS patients
was subsequently examined. Plasma from HIV-1-positive patients
was assessed first, but no peptide sequence of gp120 was
observed, possibly because the highly abundant serum proteins
interfered with the detection of low-abundance peptides. Since
LNs are the major location for viral infection and latency,
lymphatic leakage was evaluated in an advanced AIDS patient
with cervical carcinoma (Table S4). A peptide derived from gp120,
which covered B14, 315, GAP354-369 (Fig. 6A and Fig. S6a), was
identified, as was one derived from gp41 (data not shown).
Synthetic GAP354-369 showed evidence of fibril formation in
vitro, as indicated by an increase in fluorescence and absorbance
upon binding to ThT and Congo red, respectively (Fig. 6B), a
characteristic signal of B-sheet structures by CD (Fig. 6C), and by
the observation of characteristic fibrillar structures by TEM
(Fig. 6C, inserted panel). Fibrils formed by GAP354-369 also
increased infection by R5-, X4- and dual-tropic HIV-1 clones in
TZM-bl cells (Fig. 6D).
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Table 1.

Category and drugs

Effect of GEVI on the antiviral activity of ARVs against infection of HIV-1 SF162°

ICso (nM) for inhibiting HIV-1 SF162 (R5) infection

+ PBS + GAP380-396° Fold increased + GAP230-244° Fold increased
Entry inhibitors Maraviroc 6.18 £ 0.53 14.02 £ 2.00 1.3 12.12+1.32 1.0
NRTIs Emtricitabine 375.55+73.63 1117.49 £ 126.78 20 469.05 = 75.05 1.2
NNRTIs TMC120 1.24 £0.032 16.98 +0.33 12.7 19.65 + 0.24 14.8
Nevirapine 19.21 £ 4.56 78.86+3.75 3.1 66.49 + 15.12 25
Efavirenz 7.59 +0.56 14.94 +2.47 1.0 10.97 £ 1.36 1.4
Integrase inhibitors Raltegravir 47.49 £ 12.65 126.65+11.12 1.7 193.59+ 11.07 3.1

#Abbreviations: ICsy 50% inhibitory concentration, NRTIs nucleoside reverse transcriptase inhibitors, NNRTIs non-nucleoside reverse transcriptase inhibitors,

TMC120 dapivirine. GAPs were tested at 1 yM

PData are the means of triplicate measures, and the experiment was repeated once. A representative set of data is shown

Proteostat-positive amyloid fibrils were also found to be
involved in lymphatic leakage from an AIDS patient based on
the polyclonal anti-gp120 antibody, which recognizes structures
involved in lymphatic leakage via the use of an amyloid probe
(Fig. 6E). To confirm the fibrillar nature of the structures
recognized by Proteostat and anti-gp120, TEM was performed
on lymphatic fluid treated with immunogold-labeled anti-gp120.
As shown in Fig. 6F, gold-conjugated anti-gp120 antibodies
specifically bound to mature fibrils in lymphatic fluid but failed to
recognize control rabbit IgG.

Importantly, when we tested the ability of lymphatic fluid from
an AIDS patient to enhance HIV-1 infectivity toward TZM-bl cells,
we found that inactivated lymphatic fluid could increase HIV-1
infectivity in a dose-dependent manner and that whole lymphatic
fluid could increase HIV-1 infectivity by 3.5-fold (Fig. 6G). These
data provide evidence that GAPs and GEVIs occur naturally in
lymphatic leakage in AIDS patients and that lymphatic leakage
could increase HIV-1 infectivity.

To further confirm the potential localization of the GEVI in vivo,
we performed Congo red/immunohistochemistry double staining
(Fig. 6H) and amyloid/gp120/nuclear immunofluorescence triple
staining (Fig. S6b) [34, 35] of LNs from HIV/AIDS patients (Table S5).
The results showed that gp120 was clearly expressed in the
cytoplasm and extracellular space, while Congo red and Proteostat
were observed in the extracellular space (Fig. 6H). Arrowheads
indicate the colocalized signals of gp120 and amyloid (Fig. 6H and
Fig. S6b).

GEVIs and GAPs occur naturally in the CSF of HIV-1/AIDS
patients
HIV-1 infects the central nervous system (CNS), and brain tissue is a
reservoir for viral persistence. Therefore, HIV-1 is found in the brain
parenchyma (microglia, astrocytes, oligodendrocytes and neurons)
and cerebrospinal fluid (CSF). Soluble gp120 has been detected in
the CSF of AIDS patients with a low blood viral load [36]. Experiments
were therefore performed to detect the presence of GAPs/GEVIs in
the CSF. CSF samples were collected from healthy volunteers and
HIV-1/AIDS patients receiving antiretroviral treatment (ART) for TEM
analysis (Table S6). Notably, amyloid fibrils were detected in the CSF
of AIDS patients. As shown in Fig. 7A, pathological aggregation or
tangling of amyloid fibrils was observed in the CSF of one AIDS
patient. To further verify the presence of GEVIs/GAPs in the brain,
LC-MS/MS analysis of the CSF of HIV-1-positive patients was
subsequently carried out (Fig. S7a). Peptides from various gp120
regions of different HIV-1 strains were identified (Fig. 7B). The four
samples shared some common peptide sequences (Fig. 7B and
Table S7). Moreover, GAPs or homologous sequences of GAPs
identified in the above study were also found in CSF samples from
one or more HIV-1-positive patients (Fig. S7b—d and Table S8).

The biochemical properties of GAPs identified in CSF from
AIDS patients were further confirmed. One representative peptide,
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GAP196-209, which was highly abundant in CSF samples (Fig. 7C, D)
from all four AIDS patients, was selected. Synthetic GAP196-209
spontaneously formed mature amyloid fibrils (Fig. 7E), and its fibrillary
form could bind with Congo red (Fig. 7F). CD spectroscopy showed
a negative peak at 217-218 nm and a strong positive peak at
195-198 nm, indicating a typical pB-fold structure (Fig. 7G). TEM
revealed that GAP196-209 had a typical amyloid fibril shape (Fig. 7H).
GAP196-209 fibrils also promoted the infection of TZM-bl cells
(Fig. 71, J) and human glioblastoma U87 cells (Fig. S8) by HIV-1 SF162
and HIV-1 NL4-3. These findings support the relevance of the natural
presence of GAPs/GEVIs in the CNS of AIDS patients.

DISCUSSION

In the present study, a novel function of free gp120 in vivo is
proposed. Specifically, it is hypothesized that gp120, upon
proteolysis, releases biologically active amyloidogenic fragments
(GAPs) that form amyloid fibrils (GEVIs) to increase HIV-1
infectivity. By screening a peptide library of gp120, most B-
strand fragments in gp120 that can form amyloid fibrils were
identified. Interestingly, these GAPs and GEVIs were found to
occur naturally in vitro in enzymatic degradation and in HIV-1
infection samples, as well as in vivo in lymphatic fluid, LN, and CSF
samples from HIV/AIDS patients, based on mass spectrometry,
TEM, immune-electron microscopy and double staining with
primary antibodies binding to gp120-derived epitopes and
amyloid-specific probes. These GAPs spontaneously formed (-
sheet-rich amyloids, implying that amyloid-forming peptides can
exert a biological effect on viral pathogenesis as soon as they are
produced in vivo. Moreover, Andrey V et al. reported that longer
peptides containing two or more (-strands may exhibit a greater
propensity to form amyloid fibrils [37]. This finding is consistent
with the present results because several peptides containing two
B-strands showed a greater capacity to form amyloid fibrils and
increase HIV-1 infectivity than peptides containing a single B-
strand (Table 1; for example, 6217 vs. 6216, 6281 vs. 6280 and 6302
vs. 6301). As reported previously, EP3, which overlaps the
sequences of both EP1 and EP2, showed a stronger ability to
increase HIV-1 infectivity than either EP1 or EP2 alone [17]. As a
result, the possibility that larger B-fragments derived from gp120
may exert a more profound impact on viral pathogenesis cannot
be ruled out. Multiple GAP sequences are considered to play a role
in viral pathogenesis. The B-fragment of gp120 that contributes
the most to viral pathogenesis could not be defined because of
unpredictable enzyme cleavage specificity, the likelihood of
cleavage by more than one protease in vivo, and the variability
of the gp120 sequence of different viral strains. Therefore, when
generating specific antibodies to recognize GAPs or GEVI, an
attempt was first made to raise antibodies against EP2 and
GAP380-396 amyloid in rabbits. Unfortunately, neither antisera nor
antibodies specific for the amyloid or monomeric forms of EP2 or
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similar results is shown. E Detection of lymphatic leakage by confocal microscopy using amyloid-specific Proteostat dye (red) and a rabbit anti-
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The samples were observed under a microscope. Gp120"/amyloid™ staining is indicated by arrows. Scale bars =20 um

GAP380-396 could be generated. Consequently, a specific anti- Although it also recognized intact gp120, the data showed
body for each GAP could not be produced; instead, a polyclonal gp120*/amyloid* double staining to exclude the interference of
antibody against the whole gp120 was used. This polyclonal intact gp120. Potential GEVIs/GAPs that cannot be detected by
antibody recognized several (-fragments of gp120 in ELISA. this anti-gp120 antibody might also occur naturally. In addition to
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self-assembly into amyloid fibrils to increase HIV-1 infectivity,
these GAPs also cross-interact to form heterologous fibrils that
display activity comparable to that of homogeneous fibrils in
increasing HIV-1 infectivity. It was speculated that GAPs, like
seminal amyloid fibrils, might also play a pathogenic role in
promoting viral infection in vivo [14, 17]. Mechanistic studies
revealed that GAP380-396 and GAP230-244 promoted HIV-1
infection by binding to the virus and target cells via their surface
electrostatic properties.

Free gp120 may be shed from virions or released from HIV-1-
infected cells as cell debris by cytopathic effects [38-40]. Over 10'°
virions are estimated to be generated per day. In light of the high
replication activity and high turnover rate of HIV-1 in vivo [41, 42],
relatively large amounts of gp120 are released in vivo. It was
estimated that the concentration of soluble gp120 in the serum of
HIV-1-infected individuals reached 960 ng/ml [43]. Released
monomeric gp120 can be degraded into fragments by several
proteolytic enzymes in vivo. An elevated proteolysis rate has been
recorded in HIV-T-infected patients [44-46]. Catalytic antibodies
can specifically degrade gp120 into small fragments in vivo
[47-49]. Infected cells can also release fragments of gp120
through cytopathic effects [50]. Herein, proteolysis of gp120 in
HIV-1-infected patients was proposed to generate GAPs that
might form protease-resistant amyloid fibrils [51] and, as a result,
promote HIV-1 infection.

Neither GAPs nor the GEVIs were found in the blood. However,
they were found in tissues. LNs are the main reservoir for HIV,
where abundant target cells reside for persistent viral infection
and where the drug concentration is much lower than that in
blood. Under these conditions, it should be noted that viral
proteins are actively expressed even during latency [52-55].
Therefore, with limited extracellular space, higher cell density and
slower dilution kinetics, massive amounts of gp120 might be
produced at a concentration several logs higher in the lymphatic
microenvironment than in the blood, and it might undergo
proteolysis to generate GAPs and GEVIs [56]. T-tau and AP42 are
well-known brain biomarkers, and it has been reported that the
concentration of these biomarkers in CSF might be 200 times
greater than that in blood [57]. In particular, GEVIs show a
pronounced ability to increase HIV-1 infectivity when the level of
infectious virus is low, resembling the conditions of persistent viral
infection in LNs. Moreover, considering that multiple GAPs are
expressed in vivo, GEVIs can reach the concentration needed to
promote viral infection in vivo, as observed in whole lymphatic
fluid from an AIDS patient.

The brain is also a haven for HIV persistence. After infecting the
peripheral immune system, HIV-1 can cross the blood-brain barrier
(BBB) and invade the CNS. In the pre-ART era, HIV encephalitis was
associated with a high viral load in the CSF [58, 59]. Paired CSF HIV
RNA is thought to be a proxy for the independent replication of
HIV in the brain parenchyma. More than 40% of AIDS patients
suffer from cognitive impairments, even in the post-ART era [60].
Our results imply that GAPs/GEVIs in the brain may contribute to
neuropathy in patients with HIV/AIDS. Moreover, CSF is one of the
main sources of protein biomarkers for identifying neurological
diseases. The presence of GAPs/GEVIs observed in the present
study might serve as a starting point for the study of CSF
diagnostic agents. Acute or subacute neurological manifestations
may be heralded by GEVIs/GAPs in the CSF, even in the face of
continued blood virological control. The presence of GEVIs, which
can increase viral infection, might contribute to residual HIV-1
infection, persistence, and viral rebound in the reservoir. Although
the paucity of clinical specimens and ethical considerations should
be taken into account, the present study suggests a novel disease
biomarker, pathogenic factor, and drug target for AIDS in tissues.
The investigation of GAPs/GEVIs in other tissues, such as the gut,
vaginal tract, gonads, interstitial fluids, and genital secretions, is
highly warranted.
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Owing to their attractive features, including high structural
stability, nanoscale dimensions, and high stability at elevated
temperatures, amyloid-based functional nanomaterials have
become ideal candidates for the design of intriguing applications
in biomedicine and nanotechnology, such as tissue engineering,
drug delivery, adhesive materials, biodegradable nanocomposites,
and biosensors [61-63]. All GAPs are derived from [-strand
fragments in gp120. These B-strand peptides most likely maintain
strand structures that favor self-stacking, leading to the easy
formation of amyloid fibrils in vitro. The results of the present work
are similar to those of Nystrdm [64]. That is, the amyloidogenic
motif sequences in a protein might serve as precursors for
designing functional amyloid fibrils.

One of the best-known pathogenic characteristics of amyloids is
their cytotoxicity to target cells, which is associated with
approximately 50 amyloid diseases in humans. For example, AB,
a-synuclein, and Tau are toxic to neuronal cells in Alzheimer’s
disease (AD), Parkinson’s disease (PD) and prion disease,
respectively [65]. Amylin is toxic to B-cells in type Il diabetes
[66], and immunoglobulin light chain fibrils are toxic to
cardiomyocytes in light chain amyloidosis [67]. Despite differences
in etiology, primary sequences, and morphologies, the aggrega-
tion of mature fibrils and soluble oligomers may cause cellular
toxicity by inducing membrane damage, endoplasmic reticulum
stress, autophagy disruption, mitochondrial dysfunction, inflam-
mation, or apoptosis [66, 68]. In addition to promoting an increase
in viral infection, GAPs or GEVIs might induce toxicity to neurons
and lymphocytes, which could, in turn, result in HIV-1-associated
neurological complications and the loss of immune cells,
respectively. Although amyloid fibrils were found in one out of
four brains from HIV patients in the present work, the level of
GEVIs might be related to the severity of HIV-1-associated
neurological impairment, which deserves further investigation.

The presence of amyloid fibril-forming B-strand peptides is
implicated in decreasing the antiviral efficacy of clinically available
ARVs. Currently, one of the major obstacles in HIV/AIDS therapeutics
is the emergence of drug resistance [69]. Viral mutations are the
commonly accepted cause of drug resistance [70]. However, the
reduction in the effectiveness of an ARV in the presence of amyloid
fibrils formed by degraded viral proteins may be an innovative
version of so-called “drug resistance” in vivo. Treatment of this
disease is made more difficult by insufficient drug penetration into
lymph tissues [71], which is where maximal GEVI activity occurs.

Host proteins undergo proteolysis and generate functional
peptides/fibrils, such as amyloidogenic peptides found in amyloi-
dosis, seminal amyloid fibrils that enhance the sexual transmission
of viruses [14], and host defense antiviral peptides [72-74]. The
results herein suggest the significant role of other type |
transmembrane glycoproteins that might also facilitate viral
infection by forming amyloid fibrils via proteolysis. Ongoing
studies have confirmed that some viral glycoproteins hijack a
mechanism of action similar to that of gp120 to form amyloid
fibrils that, in turn, similarly promote viral infection (unpublished
data) to varying degrees, depending on the amyloid fibrils in
question. Additionally, several viruses might not be sensitive to
the promotion of viral infection by amyloid fibrils (unpublished
data). The proteolysis of viral glycoproteins in vivo is a complex
process involving host-viral clearance and persistence, viral
lethality, and the complicated tissue microenvironment for protein
folding, including factors such as pH, isoelectric point, ionic
strength, temperature, protein concentration and the secondary
structure of proteins [75]. However, whether the formation of
amyloid fibrils that increase viral infectivity is a common feature of
viral glycoproteins has yet to be elucidated.

These findings broaden our understanding of gp120 as a
contributing factor to the increase in pathogenesis of HIV-1
caused by the production of GAPs and GEVIs, as well as suggesting
corresponding therapeutic strategies.
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MATERIALS AND METHODS

Cell culture

MT-2 and TZM-bl cells were obtained from the NIH HIV Reagent Program.
CEMx 174 5.25 M7 cells were kindly provided by C. Cheng-Mayer of the
Aaron Diamond AIDS Research Center. HEK-293T cells were kindly
provided by Prof. Lu of Fudan University. The following primary antibodies
were used: rabbit gp120 antibody (11233-RP02, Sino Biological; PA1-73097,
Thermo Fisher), anti-rabbit 1gG, HRP-linked antibody (7074 V, Cell Signal-
ing), normal rabbit 1gG (2729, Cell Signaling), goat anti-rabbit 1gG (FITC)
(@ab6717, Abcam), goat anti-rabbit IgG labeled with Alexa Fluor® 647
(ab150083, Abcam), and colloidal gold-conjugated goat anti-rabbit IgG (BS-
0295G, Bioss Antibodies Co.).

HIV-1 strains were obtained from the NIH HIV Reagent Program. HIV-1
SF162, NL4-3, and the HIV-1 81A and NL4-3 infectious molecular clones
were kindly provided by Jan Miinch of Ulm University. Clone viruses were
produced as previously described [17].

Peptide arrays, the HIV-1 subtype B (MN) Env region, and antiviral agents
were obtained from the NIH HIV Reagent Program. Recombinant gp120ge.
was purchased from Haiyuan Biotechnology. Thioflavin T and Congo red
were purchased from Sigma-Aldrich. Plasmin and thrombin B were
purchased from Shanghai Yuanye Bio-Technology Co., and fucosidase was
purchased from ProSpec. The luciferase assay system was obtained from
Promega. A PROTEOSTAT® Aggresome detection kit was purchased from
Enzo Life Sciences.

Ethics statement

Regarding the lymph node tissues of AIDS patients, human subjects were
enrolled in this study with written informed consent approved by The
Third People’s Hospital of Kunming. CSF samples were isolated from four
HIV-1/AIDS patients and two healthy volunteers from Beijing You' An
Hospital, and written informed consent was obtained from the study
participants and/or their legal guardians. All the experiments were
performed in accordance with the approved guidelines and regulations.

Synthesis of peptides

All chemically synthesized peptides (>95% purity) used in this study were
synthesized by Scilight-Peptide (Beijing, China). Peptides were dissolved at
a concentration of 5mM in PBS or DMSO and stored at -20 °C. Fibril
formation was initiated by agitation at 37°C for different durations at
1400 rpm with an Eppendorf Thermomixer.

Monitoring the formation of amyloid fibrils

Amyloid fibrils were detected by several traditional methods, including ThT
staining, Congo red staining, TEM, and CD spectroscopic analysis. For the
ThT fluorescence assay, serially diluted peptide solutions (10 pL) were
mixed with 190 uL of ThT working solution at 50 uM. Fluorescence was
measured following 5 min of incubation at Ae, = 452 nm and A, = 485 nm
using a fluorescence plate reader (Infinite M1000, Tecan) [24]. For the
Congo red staining assay, 10 pL of peptide solution at various concentra-
tions was incubated with 90 uL of Congo red solution (Sigma) at room
temperature for 30 min and then centrifuged for 15 min at 13,000 rpm. The
pellets were dissolved in 50 uyL of DMSO, and the signal density was
determined at an OD 490-650 nm using an ELISA reader (Infinite M1000,
Tecan). CD was applied to detect the typical B-sheet structure of amyloid
fibrils. CD spectra were collected from 190 to 280 nm with a scan speed of
50nmmin”', bandwidth of 1nm and time constant of 2s on a J-715
spectrometer (Jasco, Japan) at 20°C. A blank spectrum was subtracted
from each spectrum. The shape of the amyloid fibrils was visualized via
TEM as previously described [76]. The peptide suspension (50 uM) was
adsorbed onto glow-discharged carbon-coated grids for 2 min. The grids
were then stained with 2% phosphotungstic acid for 2 min. Fibrils were
detected via an H-7650 TEM (Hitachi Limited, Tokyo, Japan). For enzymatic
degradation experiments, the mixtures were absorbed onto grids, and the
fibrillary shape was analyzed as described above. For the detection of viral
infection, the lymphatic leakage and CSF were inactivated with a 2%
volume of glutaraldehyde solution at room temperature for 20 min before
the samples were loaded onto the grids as described above.

Viral production

CCR5-tropic HIV-1 SF162, CXCR4-tropic HIV-1 NL4-3, and dual-tropic HIV-1
81A and NL4-3 were produced as previously described [17]. In brief,
plasmids encoding proviral DNA were transfected by PEIl into HEK-293T
cells. Supernatants containing virions were collected 48 h post-transfection
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and then centrifuged at 800 rpm for 10 min to remove cell debris. The
concentrations of the viruses in the supernatants were determined via
ELISA for the p24 antigen [77], and the proteins were stored at —80 °C
until use.

The laboratory-adapted strain HIV-1 IlIB and primary HIV-1 strains were
propagated in MT-2 cells or PBMCs. Briefly, cells were infected with viruses,
and after a 4-day or 7-day incubation, cell-free supernatants were collected
and then stored at —80 °C.

HIV-1 infectivity assays
To observe the enhancing effect of amyloid fibrils on HIV-1 infectivity in
TZM-bl cells, amyloids or lymphatic leakage products at the indicated
concentrations were pretreated with HIV-1 (2 ng of p24) for 5 min at room
temperature. The mixtures were added to TZM-bl cells. To minimize the
toxic effects mediated by the prolonged exposure of the target cells to
amyloids or by lymphatic leakage, the medium was replaced after 3 h, and
infection was assayed two days later by determining the luciferase
activities.

HIV-1 infectivity in MT-2 or CEMx M7 cells was performed as described
above, except that infection was determined by quantifying p24 values
3 days post-infection as described elsewhere [78].

Virus pull-down assay

The binding of HIV-1 SF162 to amyloid fibrils was determined by a virus pull-
down assay [17]. Briefly, fibrils at various concentrations were mixed with the
virus (100 ng/mL p24) for 30 min at 37°C, followed by centrifugation at
5000 rpm for 5 min to pellet the fibrils and bound virions. The infectivity of
HIV-1 bound to the pellet was evaluated by ELISA.

Confocal microscopy detection of HIV-1 binding to amyloid
fibrils and cells

The eGFP-labeled virions (R5-tropic) were prepared as described previously
[79]. Amyloid fibrils were stained with Proteostat dye as recommended by
the manufacturer and incubated 1:1 with eGFP-labeled HIV-1 virions (10 ng
p24) at 37 °C for 20 min. Samples were then centrifuged at 5000 rpm for
3 min and imaged using a laser-scanning Nikon A1 confocal microscope
(Nikon, Japan). Proteostat and eGFP were excited by using 561 nm and
488 nm laser lines, respectively, and the emissions were collected using
appropriate beam splitters.

To visualize the colocalization of amyloid fibrils, viruses, and target cells,
the eGFP-HIV-1-amyloid complex, described above, was incubated with
TZM-bl cells stained with a cytoplasmic dye as described above. Then, the
cells were imaged by confocal microscopy.

Enzymatic degradation of gp120,zf, in vitro

HIV-1 gp120,re. (20 pg) was digested with the indicated enzymes at 37 °C
in 200 pL of buffer. Aliquots (5 pL) were taken at the indicated time points,
and the degradation of gp120 was evaluated via SDS-PAGE with
Coomassie blue. At the 72h time point, the reaction was stopped by
heating in a water bath at 56 °C for 30 min. Then, 10 uL of the digested
sample was absorbed onto the grid for TEM analysis as described above,
and the remaining sample was subjected to ultrafiltration (with a 3 kDa
cutoff) to collect peptide fragments, which were subsequently lyophilized
and stored at —80 °C until LC-MS/MS analysis.

Collection of HIV-1 infection samples

MT-2 cells and CEMx M7 cells were infected with HIV-1 IlIB and HIV-1
SF162, respectively, at 100 TCIDs, (50% tissue culture infective dose)
overnight. The culture supernatants were subsequently changed to fresh
medium. To minimize the effects of serum on subsequent LC-MS/MS
analysis, the culture medium was supplemented with only 2% FBS. On the
fourth day post-infection, half of the supernatants were replaced with fresh
medium. On the seventh day post-infection, the supernatants were
collected by centrifugation at 800 rpm to remove the cells. A portion of the
supernatant was heated at 56 °C for 30 min to inactivate the virus before
being stored at —80 °C for immunofluorescence analysis and TEM analysis,
as described below. The remaining supernatants were treated with mild
acid (acetic acid, pH 3.3) to disrupt potential peptide/peptide or peptide/
protein interactions. Then, the mixtures were immediately subjected
to ultrafiltration (3-kDa cutoff) for the enrichment of peptides with
low molecular weights. The filtrate fractions were lyophilized and stored at
—80 °C for further LC-MS/MS analysis.
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Lymphatic leakage assay

Lymphatic leakage was collected from an AIDS patient who underwent LN
dissection before cervical cancer surgery. The samples were supplemented
with a cocktail of protease inhibitors. Lymphatic leakage was centrifuged
at 1000 rpm for 15 min at 4 °C. Then, the supernatants were heated at 56 °C
for 30min for immunofluorescence and LC-MS/MS analysis. For TEM
analysis, the supernatants were inactivated with 2% glutaraldehyde for
20 min, then packaged and stored at —80 °C. Inactivated samples were
confirmed by determining infection in TZM-bl cells.

For LC-MS/MS preparation, RIPA lysis and extraction buffer were used to
extract and homogenize the peptides from the remaining supernatants.
The mixture was subsequently centrifuged at 12,000 rpm for 10 min, after
which the supernatant was collected. Peptides less than 3 kDa in length
were then collected and quantified with the Pierce™ BCA Protein Assay Kit.
Before LC-MS/MS analysis, the peptides were reduced by 10 mM DTT at
56 °C for 1 h and alkylated by 50 mM iodoacetamide at room temperature
in the dark for 40 min. Salt was removed from the samples using a
laboratory-made C18 tip. The extracted peptides were lyophilized to near
dryness.

LC-MS/MS analysis

The samples were analyzed using an Eksigent NanoLC-Ultra system
coupled to an AB Sciex Triple TOF 5600-plus mass spectrometer. Five
microliters of each sample was chromatographically separated using a
gradient from 2% mobile phase A (0.1% formic acid, 2% acetonitrile) to
35% mobile phase B (0.1% formic acid, 90% acetonitrile) after direct
injection onto a 15-cm PicoFrit emitter (New Objective) packed to 15cm
with Magic C18 AQ 3-um 200-A stationary phase. Mass spectra were
recorded in the range of 350-1500m/z for 250 ms. In tandem mass
spectrometry mode, the thirty most intense peaks with charge states of
2-5 were selected for fragmentation, and MS2 spectra were collected in
the range of 50-2000 m/z. for 100 ms. Precursor ions were excluded from
reselection for 15 s. Each sample was run twice on the mass spectrometer.

Data analysis

The raw MS/MS data were analyzed using ProteinPilot software version 4.5
(AB Sciex) for peptide matching and identification. The Paragon algorithm,
which was integrated into ProteinPilot, was employed against the UniProt
Bos taurus database. To optimize the number of identified proteins, a filter
with strict cutoff criteria was applied, including an unused ProScore <1.3
and a minimum of one distinct peptide identified. The parameters were set
as follows: Triple TOF 5600 instrument, identified sample type, biological
modifications selected as the ID focus, and thorough search. An automatic
decoy database search strategy was employed to estimate the false
discovery rate (FDR) using Proteomics System Performance Evaluation
Pipeline (PSPEP) software, which is integrated into ProteinPilot software.
Only proteins with at least one unique peptide and an unused value
greater than 1.3 were considered for further analysis. The targeted
peptides were identified through a database search of HIV sequences.

Detection of gp120-derived amyloid peptides by double
staining with an anti-gp120 polyclonal antibody and
Proteostat

HIV-1 infectivity samples or lymphatic leakage from an AIDS patient were
incubated with rabbit anti-gp120 polyclonal antibody or normal rabbit IgG
overnight at 4 °C. The samples were fixed with 4% paraformaldehyde at
room temperature for 15 min, followed by three washes with PBS. The
samples were then blocked with 10% goat serum and treated with an FITC-
conjugated secondary antibody for 1h in the dark. After washing three
times with PBS, the samples were counterstained with Proteostat as
recommended by the manufacturer. The samples were subsequently
imaged using a laser-scanning Nikon A1 confocal microscope (Nikon,
Japan). Proteostat and FITC were excited using 561 nm and 488 nm laser
lines, respectively, and the emissions were collected using appropriate
beam splitters.

Immunogold labeling for TEM

Five microliter droplets of HIV-1 infection samples or lymphatic leakage fluid
were placed on a Formvar-coated copper grid and incubated for 5 min. The
grid was washed three times (10 s each) with 50 uL droplets of PBS, pH 7.4.
Excess solvent was carefully soaked off with filter paper, and then a 50 pL
droplet of 5% bovine serum albumin in PBS was added for 15 min. Afterward,
the grid was washed with a 50 L droplet of buffer. Excess solvent was
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removed with filter paper, and the grid was incubated for 1 h with 50 pL of
either rabbit anti-gp120 polyclonal antibody or normal rabbit IgG, covered
with a Petri dish. The grid was washed in PBS as described above before a
50 pL droplet of goat anti-rabbit antibody conjugated to 10 nm gold particles
was applied. The grid was then washed again with a 50 uL droplet of PBS
containing 0.05% Tween 20 for 20 s and three droplets of 50 pL of water for
10's each. Finally, the grid was stained using a series of three 50 uL droplets
containing 2% phosphotungstic acid (2 min each) and then dried with filter
paper. All steps were carried out at room temperature. Samples labeled with
an anti-gp120 antibody and the corresponding control rabbit IgG were
visualized with an H-7650 TEM (Hitachi Limited, Tokyo, Japan) operated at an
acceleration voltage of 80 kV [25].

Copolymerization of fluorescently labeled GAPs

A stock solution of each GAP in DMSO at a final molar ratio of 1:1 or 1:1:1
was mixed gently. The mixed samples were diluted in PBS to a suitable
concentration for the detection of amyloid fibril formation and determina-
tion of the enhancement of viral infection as described above.

Human tissue specimens and immunochemical staining
Congo red staining and immunohistochemistry in situ double staining
were combined to detect naturally occurring gp120-derived amyloid fibrils
in 4 um thick paraffin-embedded axillary LNs from AIDS patients. Sections
were deparaffinized in xylene and then rehydrated in graded ethanol.
Then, 3% hydrogen peroxide/methanol was used to block endogenous
peroxidase activity. For antigen retrieval, the sections were boiled in 0.01 M
citrate buffer (pH 6.0) for 30 min and washed with PBS (pH 7.4). The
sections were blocked with 10% goat serum at room temperature for
30 min. The slides were incubated with primary rabbit anti-gp120 at 4 °C
overnight. HRP-conjugated anti-rabbit IgG and DAB were used to visualize
the positive sites. Sections were then stained with 0.2% Congo red (Sigma—
Aldrich) in alkaline solution, and hematoxylin was used for counterstaining.
After being sealed with neutral tree gum, sections were prepared for
visualization by a Nikon ECLIPSE 90i microscope. Immunofluorescence
staining was also used to detect amyloid deposition in paraffin-embedded
axillary LNs from AIDS patients. Briefly, sections were incubated with
antibodies against gp120 overnight at 4 °C. After washing with PBS, the
samples were treated with an anti-rabbit secondary antibody labeled with
FITC and then incubated with Proteostat at room temperature for 30 min.
The nuclei were stained with Hoechst. Fluorescence images were acquired
using an Axio Observer microscope (Zeiss).

Collection of CSF samples from HIV-1-infected patients and
healthy persons

CSF was collected (5 mL/patient) by lumbar puncture. Vital signs and
symptoms of intracranial hypertension were examined before CSF
collection. Pressure was measured after puncture. The patient remained
supine without a pillow for 2-4 h, after which vital signs were closely
observed. CSF test indicators included CSF parameters (glucose, chloride,
urine cerebrospinal fluid protein, and mononuclear cells) and CSF
biochemical parameters (white blood cells and cerebrospinal fluid
viral load).

Identification of amyloidogenic peptides in CSF by LC-MS/MS
In brief, CSF samples (600 pL) were centrifuged at 2200 rpm for 10 min to
remove cellular debris. RIPA lysis and extraction buffer were used to extract
and homogenize the peptides from the CSF supernatants. Peptides less
than 10 kDa in length were collected and quantified with the Pierce™ BCA
Protein Assay Kit. Next, 20 ug of peptide sample was reduced by 10 mM
DTT at 37°C for 1h and alkylated by 50 mM iodoacetamide at room
temperature in the dark for 40 min. The resulting peptide samples were
lyophilized to near dryness and resuspended in 2-20 uL of 0.1% formic
acid/2% acetonitrile before LC-MS/MS analysis.

The samples were subjected to an Orbitrap Eclipse mass spectrometer
(Thermo Fisher Scientific, USA). The spray voltage was 2.2 kV. The capillary
temperature was 270°C. The MS parameters used were as follows:
resolution: 70000 at 400 m/z; MS precursor m/z range: 350.0-1500.0; MS/MS
parameters: activation type; HCD: normalized coll; energy: 28.0; activation
time: 120.000; and data-dependent MS/MS: up to the top 20 most intense
peptide ions from the preview scan in the Orbitrap.

The raw MS files were analyzed and searched against the peptide
database using MaxQuant (1.6.2.10). The parameters were set as follows:
protein modifications were carbamidomethylation (C) (fixed); oxidation (M)
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(variable); the enzyme specificity was set to unspecific; the precursor ion
mass tolerance was set to 20 ppm; and the MS/MS tolerance was set to
20 ppm. Only peptides identified with high confidence were chosen for
downstream protein identification analysis.
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