J AMERICAN mB' &
8 sociETy For
MICROBIOLOGY

RESEARCH ARTICLE
Therapeutics and Prevention

L)

Check for
updates

CD4* T Cell-Mimicking Nanoparticles Broadly Neutralize HIV-1
and Suppress Viral Replication through Autophagy

Gang Zhang,* (© Grant R. Campbell,2 Qiangzhe Zhang,® Erin Maule,? Jonathan Hanna,* Weiwei Gao,* Liangfang Zhang,*<

Stephen A. Spectora¢

2Division of Infectious Diseases, Department of Pediatrics, University of California, San Diego, La Jolla, California, USA

PDepartment of Nanoengineering, University of California, San Diego, La Jolla, California, USA
“Moores Cancer Center, University of California, San Diego, La Jolla, California, USA
dRady Children’s Hospital, San Diego, California, USA

Gang Zhang and Grant R. Campbell contributed equally to this work. The co-first authors discussed and mutually agreed on the author order.

ABSTRACT Therapeutic strategies that provide effective and broad-spectrum neu-
tralization against HIV-1 infection are highly desirable. Here, we investigate the po-
tential of nanoengineered CD4*™ T cell membrane-coated nanoparticles (TNP) to
neutralize a broad range of HIV-1 strains. TNP displayed outstanding neutralizing
breadth and potency; they neutralized all 125 HIV-1-pseudotyped viruses tested, in-
cluding global subtypes/recombinant forms, and transmitted/founder viruses, with a
geometric mean 80% inhibitory concentration (ICg,) of 819 ug ml~—" (range, 72 to
8,570 wg ml~"). TNP also selectively bound to and induced autophagy in HIV-1-
infected CD4™ T cells and macrophages, while having no effect on uninfected cells.
This TNP-mediated autophagy inhibited viral release and reduced cell-associated
HIV-1 in a dose- and phospholipase D1-dependent manner. Genetic or pharmacolog-
ical inhibition of autophagy ablated this effect. Thus, we can use TNP as therapeutic
agents to neutralize cell-free HIV-1 and to target HIV-1 gp120-expressing cells to de-
crease the HIV-1 reservoir.

IMPORTANCE HIV-1 is a major global health challenge. The development of an ef-
fective vaccine and/or a therapeutic cure is a top priority. The creation of vaccines
that focus an antibody response toward a particular epitope of a protein has shown
promise, but the genetic diversity of HIV-1 hinders this progress. Here we developed
an approach using nanoengineered CD4* T cell membrane-coated nanoparticles
(TNP). Not only do TNP effectively neutralize all strains of HIV-1, but they also selec-
tively bind to infected cells and decrease the release of HIV-1 particles through an
autophagy-dependent mechanism with no drug-induced off-target or cytotoxic ef-
fects on bystander cells.

KEYWORDS HIV, nanoparticle, autophagy, neutralization, CD4* T cell, macrophage,
phospholipase D, human immunodeficiency virus, neutralizing antibodies,
phospholipase

he development of an effective vaccine and/or a therapeutic cure is a top priority

for human immunodeficiency virus (HIV) type 1. However, the genetic diversity of
this virus, which reaches up to 20% for the envelope polyprotein (Env) sequences (1),
stymies this progress. During infection, approximately 20 to 30% of HIV-infected
individuals develop type-specific cross-neutralizing antibodies. Of these, about 1%
develop broad and very potent neutralizing antibodies (bNAbs) against a wide range of
genetically diverse HIV subtypes (2-5). Although current vaccine efforts use structure-
guided novel immunogen design to develop vaccines that will induce bNAbs similar in
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structural recognition, breadth, and potency, none, to date, have evoked the desired in
vivo response due to high antigenic diversity and the dense N-linked glycan armor,
which covers almost the entire envelope protein (Env) (6, 7). An alternative is to use
bNAbs in passive immunization, with several studies demonstrating the ability of
bNAbs to confer protection from infection, reducing both plasma viremia and the pool
of latently infected cells through the recognition of HIV Env on the host cell membrane,
potentially facilitating fragment crystallizable (Fc)-mediated clearance (4, 8-10). How-
ever, resistant virus isolates appeared either before or after passive bNAb therapy,
limiting any putative therapeutic effect (11, 12). Moreover, VRC-PGO05, the only donor-
derived antibody isolated to date that binds to the highly glycosylated silent face of
gp120, failed to neutralize 73% of HIV strains tested and had a relatively high mean ICs,
of 800 ug ml~", leaving uncertain the potential usefulness of this epitope for vaccine
design, therapy, or prevention (13). More recently, tandem trispecific and bispecific
broadly neutralizing antibodies, such as BilA-SG, have shown more promise (5).

The absence of curative treatments or a potential vaccine underscores the need for
innovative therapeutic approaches. The development of nanoengineering has given
rise to a new avenue of HIV treatment and prevention research. Nanoparticles are being
assessed as vehicles for antiviral drugs to improve drug tolerability, circulation half-life,
and efficacy and as carriers for delivery to the central nervous system (14-19). They are
also being evaluated for the delivery of small interfering RNAs (siRNAs) to silence
gene expression in CD4™ T cells, macrophages, and dendritic cells, as well as HIV itself
(reviewed in reference 20). Nanoparticle-based vaccine strategies may also enhance
both vaccine safety and anti-HIV immunogenicity through improved immune targeting
and combined presentation of an immunogen and adjuvant (17, 21, 22). Lastly,
nanoparticles can also directly interfere with and inhibit viral replication through
multivalent presentation of small molecules that block viral assembly processes (17, 23)
while also selectively killing latently HIV infected resting memory CD4™ T cells (24).

As therapeutic nanoparticles are gaining traction for potential HIV treatment and
prevention, cell membrane-coated nanoparticles, made by wrapping plasma mem-
branes of natural cells onto synthetic nanoparticle cores, are emerging as a biomimetic
platform to treat various diseases (25-32). This unique biomimicry led us to assess this
technology as a potential HIV treatment. Synthetic nanoparticles conjugated with
receptor proteins of host cells to target bacteria or viruses for neutralization conven-
tionally require protein identification and labor-intensive synthesis. The fabrication of
these T cell membrane-coated nanoparticles (TNP) bypasses these issues by using
natural cell membranes as building materials. Specifically, we fused the plasma mem-
branes of uninfected CD4* T cells onto poly(lactic-co-glycolic acid) (PLGA) cores, and
the resulting TNP mimicked the parent CD4* T cells. We demonstrated previously that
these TNP neutralize both R5 and X4 laboratory strains of HIV while also inhibiting
gp120-induced apoptosis of bystander uninfected cells (33). In this study, we examined
the neutralization breadth and potency of these TNP by using a global panel of HIV
isolates. We also investigated the potential application of TNP to inhibit HIV replication
and to induce cell death in macrophages and CD4* T cells infected with HIV.

RESULTS

TNP broadly neutralize a global panel of Env-pseudotyped HIV. To assess the
breadth and potency of TNP to neutralize HIV, we used three standardized panels of
viruses: a global multisubtype 109-virus panel that includes transmitted/founder viruses
and early/acute infections (34), the global 12-virus panel (35), and the reduced cross-
subtype 5-virus panel (36). There was an overlap of viruses among the panels, such that
there were 125 unique HIV pseudoviruses tested (Fig. 1). We validated the neutraliza-
tion protocol using the bNAbs VRCO1 and VRCO3 against the global 12-virus panel.
Against this panel, we observe that the neutralization potencies (geomean 50% inhib-
itory concentration [IC5,]/IC4,) are approximately 0.167/0.871 and 0.325/0.42 ug ml—1,
respectively, with neutralization breadths of 91 and 50%, respectively, using the ICs, in
line with previously published observations (37, 38) (Fig. 1A). Conversely, we observed
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FIG 1 Neutralization by TNP of 125 HIV Env-pseudoviruses across major circulating clades. (A) Neutralization potency (IC;,/IC4,) expressed in micrograms per
milliliter and neutralization breadths (expressed as percentages) of VRCO1 and VRCO03 against different HIV Env-pseudoviruses, as tested using the TZM-bl assays.
(B) Neutralization potency (IC4,) expressed as micrograms per milliliter of TNP against different HIV Env-pseudoviruses, as tested using the TZM-bl assays. A*
includes subtypes A, A(T/F), AC, and ACD. B* includes subtypes B, B(T/F), and BC. C* includes subtypes C and C(T/F). CRFO1* includes CRFO1_AE and
CRFO1_AE(T/F). HIV Env-pseudoviruses shaded yellow were used in the experiment for which results are shown in panel A. (C) (Left) Summary of neutralization
potencies (ICg4,) for TNP against the multisubtype pseudoviruses included in panel B. Horizontal bars represent geomean ICg, values. (Right) Arithmetic (x),
geometric mean, and median TNP IC, for each subtype. (D) Results of the Games-Howell post hoc test after Welch’s one-way analysis of variance. For each pair

of means, a plus sign indicates a significant difference (P < 0.05).

a TNP neutralizing breadth of 100% against the combined 125-virus panel (Fig. 1B).
Neutralization potency was robust against all 125 viruses (geometric mean 1C5/1Cg,,
130.2/819.2 ug ml~") (Fig. 1C; see also Fig. S1 in the supplemental material).
However, subtype preference was evident: there was a statistically significant
difference in the TNP neutralization IC4, between subtypes as determined by
Welch’s one-way analysis of variance (ANOVA) [F(7,18) = 23.5; P < 0.0001]. The TNP
geometric mean ICg, values against subtypes B and CRFO7 were comparable to the
overall geometric mean 1Cg, (792.5 and 801.2 ug ml~7, respectively), whereas the
TNP geometric mean ICg, was increased 102% against subtype A and reduced by
86% against subtype D (Fig. 1C and D).

TNP targets HIV Env on the surface of the plasma membrane. We next evaluated
the ability of TNP to target HIV-infected cells selectively. As permissively infected cells
express HIV gp120 on the cell surface, where it accumulates with newly synthesized
viral proteins for HIV packaging, maturation, and budding, we hypothesized that TNP,
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which possess the natural HIV gp120 receptors (CD4, CCR5, and CXCR4) on their
surfaces, will target and bind to cell-associated HIV gp120. Therefore, we transfected
HEK 293 T/17 cells with HIV Env plasmids selected from the global pseudovirus panel
(Fig. 2A and B) and exposed them to TNP and erythrocyte membrane-camouflaged
polymeric nanoparticles (RBC-NP) (Fig. 2C). As expected, the RBC-NP failed to bind
either untransfected HEK 293 T/17 cells (control) or HEK 293 T/17 cells expressing HIV
gp120. Conversely, the TNP readily bound to HEK 293 T/17 cells expressing HIV gp120,
while coculture with the broadly neutralizing antibody VRC03 inhibited this interaction
(Fig. 2C). Crucially, an isotype control antibody had no effect on TNP binding to HEK 293
T/17 cells expressing HIV gp120, indicating specificity. Similarly, TNP significantly bound
to the surfaces of human primary macrophages and CD4* T cells permissively infected
with HIV (Fig. 2D and E). Again, coculture with the broadly neutralizing antibody VRC03
inhibited this interaction (Fig. 2E). Interestingly, TNP preferentially targeted cells ex-
pressing HIV gp120 in a heterogeneous population (Fig. 2F), and we observed the
internalization of these particles into HIV-infected cells (Fig. 2G).

Internalized TNP induces autophagy in HIV-infected cells. Even in the absence
of a drug cargo, internalized PLGA-based nanoparticles can induce macroau-
tophagy (hereafter referred to as autophagy) in immortalized murine bone marrow-
derived macrophages and THP1 cells (39). Autophagy is a degradation pathway that
occurs at basal levels in all cells and is upregulated in response to stress. Au-
tophagic flux is assessed by monitoring the biogenesis of autophagosomes through
a ubiquitin-like system that involves autophagy-related 7 (ATG7) and the ATG12-
ATG5 complex, which converts cytosolic microtubule-associated protein 1 light
chain 33-1 (MAP1LC3B-I or LC3B-I) to LC3B-Il. The ATG12-ATG5 complex then ligates
LC3B-II to the nascent autophagosome membrane. The polyubiquitin-binding pro-
tein sequestosome 1 (SQSTM1; p62) and SQSTM1-bound polyubiquitinated proteins
are incorporated into completed autophagosomes, which then fuse with lysosomes,
resulting in the degradation of the engulfed components as well as LC3B-Il and
SQSTM1 associated with the inner membrane. Thus, the quantification of SQSTM1
and the conversion of LC3B-I to LC3B-Il and its turnover are indicators of autophagy
maturation (40). Therefore, we analyzed the autophagic effect of TNP on primary
leukocytes. Compared with uninfected cells, exposure of infected cells to TNP for 24
h led to a significant dose-dependent increase in LC3B-Il and a decrease in SQSTM1
expression, suggesting augmented autophagy (Fig. 3A). To confirm this, we used
bafilomycin A,, an inhibitor of V-ATPase and thus autophagolysosome fusion and
lysosomal degradation (40). LC3B-Il and SQSTM1 were both increased, confirming
autophagy induction (Fig. 3B). Crucially, neither native nanoparticles (PLGA) nor
RBC-NP induced any variation in LC3B-ll or SQSTM1 in either uninfected or infected
macrophages (Fig. 3A and B). Importantly, since induction of excessive autophagy
can lead to cytotoxicity (41), the TNP did not induce significant cell death as
measured by lactate dehydrogenase (LDH) release (Fig. 3C) or an increase in visible
pyknosis, karyorrhexis, or plasma membrane blebbing.

Since autophagy is necessary for HIV to establish a productive infection (42), and the
pharmacological induction of autophagy inhibits HIV release (42-50), we next deter-
mined whether TNP influences HIV p24 antigen accumulation in the supernatants of
productively infected macrophages and CD4" T cells. TNP induced a dose-dependent
decrease in HIV p24 release into the culture supernatants from both macrophages and
CD4™ T cells in the absence of increased cell death (Fig. 3D) (P < 0.05).

Induction of autophagy by TNP inhibits HIV replication. To determine whether
TNP-induced antiviral activity is dependent on autophagy induction, we assessed the
effects of TNP on ATG5- and ATG7-silenced cells (Fig. 4A, D, G, and J). Notably, TNP had
no effect on the expression of either ATG5 or ATG7 (Fig. 3A). Both ATG5 RNA interfer-
ence (RNAI) and ATG7 RNAi were effective in silencing their respective genes in both
macrophages (Fig. 4A and D) and CD4+ T cells (Fig. 4G and J) and were efficient at
inhibiting both TNP-induced LC3B lipidation and the degradation of SQSTM1 (Fig. 4B,
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FIG 2 TNP targets cell-associated HIV gp120. (A) HEK 293 T/17 cells were transfected with a panel of
Env-expressing plasmids, fixed with 40 mg ml~—" paraformaldehyde for 60 min, then probed for the surface
expression of HIV gp120, and analyzed by microscopy. Representative images are shown. Bar, 50 um. (B) The
plasma membranes from cells in panel A were harvested and subjected to western blot analysis using
antibodies raised against HIV gp120 and ATP1A1 (ATPase Na*/K* transporting subunit a1, a loading control).
A representative western blot is shown. (C) HEK 293 T/17 cells were transfected with a panel of Env-expressing
plasmids, fixed with 40 mg ml~" paraformaldehyde for 60 min, incubated with PBS (vehicle), 1 ug ml~" isotype
1gG, or anti-gp120 antibody (VRCO3) for 3 h, washed, and then exposed to fluorescently labeled erythrocyte
membrane-camouflaged polymeric nanoparticles (RBC-NP) or TNP for an additional 4 h. Cell-attached fluo-
rescently labeled nanoparticles were quantified using a fluorescent plate reader. The experiment was repeated
four times, and the mean fluorescence intensity is shown. (D) Primary macrophages (M¢) and CD4* T cells
(CD4 T) were infected with HIV. Cells were fixed, permeabilized, probed for the expression of HIV p24, then
visualized and counted using microscopy. (E) Primary macrophages and CD4+ T cells were infected with HIV.
(Left) The plasma membranes were harvested and subjected to western blotting using antibodies raised
against HIV gp120 and ATP1A1. A representative blot is shown. (Right) Uninfected and HIV-infected cells were
fixed with 40 mg ml—' paraformaldehyde for 60 min, incubated with PBS (vehicle), 1 ug ml~" isotype IgG, or
anti-gp120 antibody (VRCO3) for 3 h, washed, and then exposed to fluorescently labeled TNP for an additional
4 h. The cell-attached TNP were quantified using a fluorescent plate reader. n = 4. (F) HIV-infected macro-
phages were exposed to DiD-labeled RBC-NP, DiD-labeled TNP, or PBS (vehicle) for 4 h. Cells were washed,
fixed, then probed for HIV gp120, and analyzed using confocal microscopy. Representative images are shown.
Bar, 50 um. n = 4. (G) Representative 3D image, obtained by confocal microscopy (z-stack image), of
HIV-infected macrophages exposed to TNP for 4 h. Bar, 50 um. n = 4.

September/October 2020 Volume 11 Issue 5 e00903-20

mBio’

mbio.asm.org 5


https://mbio.asm.org

mBio’

Zhang et al.
A Macrophages CD4+ T cells
Mock HIVg,., Mock HIVyias
kDa

SQSTM1 w wue wnn won o . e - W WS GBS G WD WS Gm - w— 62

LC3E-| [ e S au s oo o . - OGN, R 19

LC3B-I| [N -.-.“ . : e e -_“.17

ATGI2-ATGE e e e e e i o = o = = - - - - ---

LN (/AP ————— Treewecesseeee

-k X X X ¥ X ¥ r ¥ Y 1 4 4 D D D o & & oD e 40

"% % *

s RE

I sl

& *

E

: {

=4

g

= 0 < 0 9 Q9 9 © €« o Q 99

90 z22 8§29 F=2RE
o o Q o o Q
> a e > @ TN
(ug mL-") (ug mL-)
B Vehicle Baf A, o
a

SQSTM1 e - Teoee SO9ew .-

LC3B-l | o P -19

LC3B-I SES -=Z= e

ACTB Yy vy s s e s s s e sy g o’ “----..--.740

% 6 LC3BAl 1« SQSTM1 » s LC3B-II .L.'L' 1 SQSTMI 4

- g 1 0 0

s .!.i, -1 M“ %-1 '!'

©

£ 2 2 'I‘ 'I' 2

g -3 -3 .i,

g 4 * 0 4 |
a:<n_ooo'5a><n_o o1n><(n.o '5m<n_ooo
$§z2R¢% 2922888 g9zER $9gz2g8¢
& Q T fsg—S% £33:=8% § & Q T
> 2 TNP > 2 TNP > 2 TNP > 2 TNP

c (ug mL") (ug mL-") (ug mL") (ug mL")

L5 Ba-L NL4-3 }

©E15 15

2% EEERE: ISEERE

Ss 1jgtezes Fszs3d

2905 0.5

52, 0

[0} T T T T T T T T T T T T T T T T T T T T

['4

S32888532888 $3288853288¢
g'lg TNP g'l@ TNP §°—§ TNP §’l§ TNP
(ug mL") (Mg mL") (Mg mL") (ug mL)
D _150 150
N < %
:.—E'mo % I i . & 2 100 {‘ % z
£250 2250 -
ol —— 1 § 2 0 L
2 < o 9 9Q 9 2 < o Q 9 9
EY) 5 2 8 2 2 9 3 S & %
[ [N & [ o &
> 4 TNP > Q TNP
(Mg mL-) (Mg mL-)

FIG 3 TNP activates autophagy and inhibits HIV replication in macrophages and CD4* T cells. HIV-infected
macrophages and CD4* T cells were exposed to 400 ug ml—' PLGA nanoparticles, 400 g ml—1 RBC-NP, or TNP for
4 h, washed three times with PBS, and then incubated for a further 24 h. n = 4. (A) (Top) Representative western
blots of LC3B isoforms, ATG5, ATG7, and SQSTM1. (Bottom) Densitometric analysis of LC3B and SQSTM1 blots. (B)
Cells were treated with vehicle or 100 nM bafilomycin A, for the last 16 h of culture. (Top) Representative western
blots of LC3B isoforms and SQSTM1. (Bottom) Densitometric analysis of blots. (C) Aliquots of supernatants were
spectrophotometrically tested for LDH as a measure of cell death. (D) An enzyme-linked immunosorbent assay was
performed for HIV p24 antigen in the supernatant.

E, H, and K) and thus autophagy (47). In macrophages, ATG5 silencing reduced the
inhibitory effect of 400 ug ml=" TNP on HIV p24 release from 91% inhibition in
scrambled short hairpin RNA (shNS)-transduced cells (P = 0.011) to 22.5% inhibition,
which was not significantly different from the level for vehicle-treated shATG5 cells
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shRNA (shATG5), ATG7 shRNA (shATG?7), or scrambled shRNA (shNS) were exposed to vehicle or 400 ug ml~" TNP for 4 h, washed three times with PBS, and
then incubated for a further 24 h. n = 4. (A, D, G, J) (Bottom) Representative western blots of ATG5 or ATG7. (Top) Densitometric analysis of blots. (B, E, H, K)
(Top) Representative western blots of LC3B isoforms and SQSTM1. (Bottom) Densitometric analysis of blots. (C, F, I, L) An enzyme-linked immunosorbent assay
was performed for HIV p24 antigen in the supernatant.

(P =0.57) (Fig. 4C), while ATG7 silencing reduced the inhibitory effect of 400 ug ml—"
TNP to just 13.5% (P = 0.65) (Fig. 4F). In CD4* T cells, ATG5 and ATG7 silencing ablated
the inhibitory effect from 92% in shNS cells (P < 0.005) to an increase of 4.4% in
ATG5-silenced cells (P = 0.73) (Fig. 4l) and a decrease of just 8.5% in ATG7-silenced cells
(P =0.81) (Fig. 4L).

We next examined the effect of TNP on intracellular and extracellular HIV p24
antigen in the presence or absence of bafilomycin A,. The TNP induced significant
decreases in intracellular HIV p24 antigen in both HIV-infected CD4* T cells and
macrophages (P < 0.05) (Fig. 5A). Importantly, bafilomycin A, ablated the TNP-
mediated degradation of HIV, as well as reversing the TNP-mediated inhibition of HIV
p24 antigen release (Fig. 5A and B). Collectively, these data suggest that TNP induce the
degradation of HIV through the induction of autophagy, which leads to a reduction in
the number of released HIV particles.

PLD1 is an essential regulator for TNP-induced autophagy. Phospholipase D1
(PLD1) is a major hydrolyzing enzyme located in cytoplasmic and endosomal compart-
ments that can modulate autophagy (51). PLD1 catalyzes the hydrolysis of phosphati-
dylcholine to choline and phosphatidic acid (PA), a lipid secondary messenger, which
binds to the FK506-binding protein (FKBP)-rapamycin-binding (FRB) domain of mech-
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FIG 5 TNP induce the degradation of HIV. HIV-infected macrophages and CD4* T cells were exposed to
400 g ml—" PLGA nanoparticles, 400 ug ml—" RBC-NP, or TNP for 4 h, washed three times with PBS, and
then incubated for 8 h. 100 nM bafilomycin A, was then added, and cells cultured for a further 16 h
before they were harvested and lysed. n = 4. Enzyme-linked immunosorbent assays were performed for
HIV p24 antigen in the lysate (A) and in the supernatant (B).

anistic target of rapamycin kinase (MTOR) and is required for mitogen-induced MTOR
complex 1 activation. While several enzymes are capable of producing PA, the PA
produced by PLD1 is preferentially bound by the FRB domain and thereby activates
MTOR activity by displacing the DEP domain containing MTOR interacting protein
(DEPTOR), an endogenous inhibitor of MTOR (51). PA also facilitates membrane traf-
ficking, including membrane fusion, since it has a conical shape that packs well in
membranes with negative curvature, as would be the case with a site in the process of
budding from a donor membrane (52). Therefore, to test the potential function of PLD1
in regulating TNP-mediated autophagy, we monitored the hydrolyzing activity of total
PLD in cells with HIV infection and TNP treatment. We observed enhanced PLD activity
in both HIV-infected macrophages and HIV-infected CD4* T cells (Fig. 6A) (P < 0.033).
This translated to a significant increase in PA content in infected cells (Fig. 6B)
(P < 0.037). We next investigated whether TNP exposure would enhance PLD activity
and thus PA content in uninfected and infected cells. TNP had no significant effect on
PLD activity in uninfected macrophages or CD4* T cells. Conversely, TNP induced a
dose-dependent increase in PLD activity; 400 g ml~" TNP induced 1.7-fold (standard
error of the mean [SEM], =0.25-fold) (P = 0.001) and 1.8-fold (*0.3-fold) (P = 0.002)
increases in macrophages and CD4* T cells, respectively. This resulted in respective
1.9-fold (*=0.3-fold) (P=0.01) and 1.6-fold (*=0.3-fold) (P = 0.009) increases in PA
content in macrophages and CD4™* T cells. The TNP-mediated increases in macrophage
PLD activity and PA content were reduced to levels approximating those of untreated
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FIG 6 TNP preferentially activate PLD1 in HIV-infected cells. Mock- and HIV-infected macrophages and
CD4+ T cells were exposed to 400 ug ml~' PLGA nanoparticles, 400 ug ml—' RBC-NP, or TNP for 4 h,
washed three times with PBS, and then incubated for a further 24 h before cells were harvested and
lysed. n = 4. (A) Lysates were evaluated for PLD activity. (B) Lysates were evaluated for phosphatidic acid
(PA) content. (C and D) HIV-infected macrophages (C) and CD4* T cells (D) were pretreated for 1 h with
the PLD1 inhibitor VU0359595 or VU0155069 (both at 1 uM) before exposure to 400 ug ml—' TNP.
Lysates were evaluated for PLD activity (left) and for PA content (right).

cells by using two pharmacological inhibitors of PLD, YU0359595 and VU0155069
(Fig. 6C). Surprisingly, although VU0359595 and VU0155069 both decreased the TNP-
mediated increase in CD4™ T cell PLD activity to levels similar to those in untreated cells
(P> 0.12), the PA content remained significantly elevated (Fig. 6C) (P < 0.043). Impor-
tantly, neither PLGA nor RBC-NP induced any significant variation in either PLD activity
or PA content.

To confirm the role of PLD1 in TNP-induced autophagy and the subsequent de-
crease in HIV p24 release, we used PLD1 siRNA (Fig. 7A and D). Blots of cell lysates
revealed that PLD1 silencing inhibited TNP-mediated autophagy, as demonstrated by
both LC3B lipidation and SQSTM1 accumulation in both macrophages and CD4* T cells
(Fig. 7B and E). PLD1 silencing also prevented the TNP-mediated reduction of HIV p24
release (P> 0.4). These results suggest that PLD1 is important both in the TNP-
mediated upregulation of autophagy in HIV-infected cells and in the TNP-mediated
decrease in HIV p24 release.

September/October 2020 Volume 11 Issue 5 €00903-20

mBio’

mbio.asm.org 9


https://mbio.asm.org

Zhang et al.
Macrophages
A 150 B Mock HIVga.
- % siNS siPLD1 siNS siPLD1
Qg 1001+ NP -RT-RT-RT -RT
o® * *
°\°§ 50 SQSTM v # @0 w we wr Ui w0 W " W 62
LC3B-I - -19
0 = ZEB=Es
SPLY = & = LCSE-11 M- B -
S;_’H\S/ # o= ACTE i 60 @0 = e == = = = &> w» = 40
- -+ o+
kDa
PLD1 Sl == @) == 55 LC3B-II SQSTM1
o 4 Vehicle a 2
ACTB| "% % & s 40 © 3 {® RBC-NP
B 2 TNP 1 *
C 120 - N 1 }_ ﬁ
<= 100 g0 A
3L 80 A £
> € 60 c 2 -2
T2 40{ * i % S -3 -3
20 4 4 4
0 * NP -RT-RT-RT-RT -RT-RT-RT-RT
siPLD1 - - + + SINS +++ - - -+ ++ - - - B
siNS + + - - SiPLD1 - - -+ ++ - - - + + + I 1 TSRS
TNP - + -+ HIV - - - - - - ++++++ - - - - - - + + 4+ + + +
CD4+ T cells
D 150 E Mock HIVyias
o I siNS siPLD1 SiNS siPLD1
Qg 1001+ NP-RT-RT-RT -RT
a © * *
o\oqE) 50 SQSTM{ " e = == = == = - - . e
= ¥ e 19
0 LC3B-| — -
siPLD1 - + - + LC3B-1] " - . - - J 17
Sm\s/ ‘i’ : : ; . ACTE wr e we v @ = o == == = ae g 40
PLDT M W s LC3B-II SQSTM1
ACTB == 40 9 3 7¢ Vehicle
e % , ]® RBCNP 2 *
5 TNP 0 1= '}-_f{'
F 140 81 )
<« 120 g0 E[[ -
17 81 :1] TTTH .
= 60 o -
T2 4 * { i S 2 6
20 = -3 -8
0 NP -RT-RT-RT-RT -RT-RT-RT-RT
siPLD1 - - + + SINS + + 4+ - = -+ ++ - - - .
siNS + + - SiPLD1 - - - ++ 4+ - - - + + + P ik SR I i
TINP - + - + HV - - - - - - ++++++ 0 - - - - - ++ 4+ + + +

FIG 7 PLD1 silencing prevents TNP-induced autophagy and decreases in HIV p24 release. Mock- and HIV-infected
macrophages (A to C) and CD4* T cells (D to F) transfected with PLDT siRNA (siPLD1) or scrambled siRNA (siNS) were
exposed to vehicle, 400 ug ml~" RBC-NP (R), or 400 g ml—" TNP (T) for 4 h, washed three times with PBS, and then
incubated for a further 24 h. n = 4. (A and D) (Bottom) Representative western blots of PLD1. (Top) Densitometric
analysis of blots. (B and E) (Top) Representative western blots of LC3B isoforms and SQSTM1. (Bottom) Densito-
metric analysis of blots. (C and F) Enzyme-linked immunosorbent assays were performed for HIV p24 antigen in the

supernatant.

DISCUSSION

Currently available antiretroviral therapy (ART) has greatly improved life expectancy
and quality for those infected with HIV. However, multidrug resistance continues to
increase, emphasizing the importance of identifying novel strategies to improve HIV
treatment with the goal of reducing the size of the viral reservoir. In the absence of
an effective prophylactic vaccine, preventative strategies and novel therapeutics that
complement existing options are needed. In the present study, we developed a
biomimetic nanoparticle wrapped in a CD4™ T cell membrane that not only neutralizes
cell-free HIV but also reduces cell-associated HIV through autophagy.

Viral genetic diversity is one of the major obstacles to bNAb-based HIV prevention
and immunotherapy, and most bNAbs are ineffective against all circulating strains (2,
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5). In contrast, TNP shows excellent binding to HIV gp120 and neutralizes 100% of a
global 125-strain pseudovirus panel. Importantly, the application of TNP is independent
of prior knowledge of the HIV genetic profile, and the development of TNP does not
require the mapping and optimization of antibody epitopes challenged with high levels
of somatic hypermutations. Instead, the fabrication of TNP uses biomimetic nanotech-
nology to target HIV through its host’s natural cognate receptor CD4, and coreceptors
CCR5 and/or CXCR4, mimicking the ability of natural CD4™* T cells to bind and neutralize
HIV. By leveraging the natural affinity of CD4™ T cell membrane receptors with HIV, it
is possible to overcome the high glycosylation, rapid conformational changes, and
steric restriction of the epitopes on HIV envelopes that have limited the conventional
development of bNAbs. Moreover. TNP-mediated neutralization is less likely to be
affected by genetic mutation, leading to poor efficacy and viral escape. Thus, the use
of cell-mimicking nanoparticles to neutralize viral infectivity is a unique approach
against HIV, an approach that can potentially become part of cure strategies for many
different viral infections, including severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) (53).

Although the TNP neutralized 100% of our global 125-strain pseudovirus panel,
there were statistically significant differences in the TNP neutralization x ICg, between
subtypes; in order of the level of neutralization, subtype C was highest, followed by A,
B, then D. Interestingly, this matches what is found in vivo. Subtype C viruses are slower
both in host cell entry by free virus and in cell-to-cell transfer of virus than subtype A
and D viruses, and this correlates directly with virulence and more-rapid progression in
infected persons: the order of subtypes, from lowest to highest virulence and rapid
progression, is subtype C, followed by A, B, and D (54-60). The faster disease progres-
sion reported with subtype B and D (which are closely related) infections than with
subtype A and C infections may be partially explained by coreceptor tropism; both have
a similar propensity to switch to a CXCR4-using phenotype late in disease progression.
With substantially better breadth and potency than most bNAbs, TNP are thus a
promising candidate for in vivo development.

In addition to neutralizing HIV, TNP also inhibited viral release and reduced cell-
associated HIV through autophagy. Since we failed to detect autophagy fluctuations
post-PLGA or RBC-NP treatment, the induction of autophagy in HIV-infected cells was
uniquely attributable to the SUP-T1 cell membranes used to coat the PLGA core of
the TNP. Modulation of autophagy processes is an important cellular mechanism for
controlling microbial pathogens, and the pharmacologic induction of autophagy po-
tently inhibits HIV (43, 45-48, 50). lllustrating the importance of autophagy in the
cellular anti-HIV response, peripheral blood mononuclear cells (PBMC) from elite con-
trollers are more responsive to sirolimus, with treatment leading to an enhanced
autophagic response and a greater reduction in virion production (61). However,
although autophagy is an innate antiviral defense mechanism, viruses may also hijack
autophagy for their efficient replication in a cell type- and virus-specific manner. HIV
utilizes autophagosomal membranes as a scaffold for Gag processing and the produc-
tion of nascent virions (62) while controlling the antiviral proteolytic and degradative
late stages of autophagy to avoid its own degradation (62-64). In agreement with this,
we did not observe an increase in autophagy in infected cells at our late time point.
Nevertheless, we did observe increases in PLD1 activity and PA content, both of which
facilitate autophagy (51), membrane trafficking, including membrane fusion and en-
docytosis (52), and deoxynucleoside triphosphate (dNTP) synthesis through the RAS/
MAPK1 and MYC pathways (65), all essential for HIV replication. Importantly, PLD1
silencing had no effect on LC3B or SQSTM1 accumulation in infected cells, indicating
arrested autophagic flux upstream of LC3B lipidation. However, we observed a decrease
in released HIV p24 levels, which is consistent with a role for PLD1 in dNTP biosynthesis.
Notably, TNP treatment dose-dependently further increased both PLD1 activity and PA
content, and this increase inhibited HIV p24 release through a PLD1-dependent deg-
radative autophagy pathway. Targeting host factors used by HIV is a highly attractive
antiviral strategy. In contrast to the situation with current antiviral treatments that
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target viral proteins, the development of resistance to TNP is unlikely, since this strategy
minimizes viral escape by working at the host level to degrade both replicating and
nonreplicating intracellular HIV through autophagy.

One of the major tasks in HIV cure research is to eliminate infected cells that are
disseminated broadly across numerous tissues, including sites that may be relatively
inaccessible to host defenses or treatment strategies, such as the lymphatic tissue and
the central nervous system, where concentrations of antiviral drugs are lower than in
peripheral blood (66, 67). Nanoparticles of 10 to 200 nm can directly enter both the
lymphatic tissue and the central nervous system. In this size range, particles of =50 nm
experience prolonged retention times in the lymph nodes (22), which may enhance
both their neutralization activity and inhibition of HIV replication. Therefore, future
research will need to resolve empirically the optimal TNP size required for ideal
accumulation in lymph nodes and the central nervous system, combined with other
properties to balance the TNP pharmacokinetic profile and viral binding efficiency in
vivo for maximum outcome. Additionally, since previous CD4 and CD4 derivative drug
trials failed to yield substantial clinical benefit, in large part because they could not
compete with tissue CD4 density for Env binding, future in vivo testing will determine
whether the TNP will overcome this potential hurdle. Also, for clinical translation,
genetic engineering to modify primary human cells, combined with a cell membrane
hybridization strategy, will help to mitigate risks of immunogenicity (68).

A common approach to purging the latent HIV reservoir endeavors to reactivate
viral production from latently infected reservoir cells, followed by clearance of these
cells through a combination of virus- and cell-mediated cytotoxicity, while ART pre-
vents subsequent rounds of infection. However, reactivation of virus may occur only
transiently, and reactivation from latency is often insufficient to induce cell death (69,
70). Although they do not induce cell death, TNP encapsulate a biodegradable PLGA
nanoparticle at their core—a versatile drug delivery platform that can be loaded with
small molecules, peptides, siRNA, or CRISPR-Cas9. Moreover, additional payloads can be
loaded into the membrane bilayers, facilitating additional potential mechanisms of viral
suppression and/or selective killing of infected cells. Thus, TNP can be used as carriers
of cytotoxic cargo that can recognize and kill any cell expressing gp120 on its surface
regardless of virus replication competency. In summary, TNP represent a promising
drug delivery platform to both neutralize HIV and deliver therapeutic and/or cytotoxic
agents specifically to HIV-infected cells while minimizing drug-induced off-target and
cytotoxic effects on bystander cells.

MATERIALS AND METHODS

HIV. HIV,,,; (pNL4-3) was obtained through the NIH AIDS Reagent Program from Malcolm Martin
(71). HIVg,, was obtained through the NIH AIDS Reagent Program from Suzanne Gartner, Mikulas
Popovic, and Robert Gallo (72, 73). Virus stocks were prepared as described previously (74). HIV infectivity
was calculated as the 50% tissue culture infectious doses (TCID,,) as described previously (75), and the
multiplicity of infection (MOI) was confirmed using TZM-bl (human; sex: female) (RRID CVCL_B478) cells
from John C. Kappes, Xiaoyun Wu, and Tranzyme Inc. (76).

Cell culture. Whole blood was drawn from healthy, HIV-seronegative male and female volunteers,
aged between 18 and 65 years, at UC San Diego Health Sciences using protocols approved by the Human
Research Protections Program of the University of California, San Diego, in accordance with the
requirements of the Code of Federal Regulations on the Protection of Human Subjects (45 CFR 46 and
21 CFR 50 and 56). All volunteers gave written informed consent prior to their participation, all samples
were deidentified, and donors remained anonymous. PBMC were isolated from whole blood by density
gradient centrifugation over Ficoll-Paque Plus (GE Healthcare). Macrophages were prepared and infected
with HIVy,  at an MOI of 0.1 for 10 days as described previously (63).

CD4* T cells were isolated from PBMC using the CD4* T cell isolation kit (catalog no. 130-096-533;
Miltenyi Biotec). Purified resting CD4* T cells were then incubated for 48 h under 5% CO, at 37°Cin CD4*
T cell medium (RPMI 1640 supplemented with 10% [vol/vol] heat-inactivated fetal bovine serum [FBS]
[Sigma], 100 uM nonessential amino acids, 1 mM sodium pyruvate, 0.1 mg ml~" streptomycin, 103 U m|~’
penicillin [all from Gibco]) supplemented with 29 nM CCL19 (R&D Systems) and 50 uM 2-sulfanylethan-
1-ol (Sigma) before infection with HIV, ; at an MOI of 0.1 for 3 h under 5% CO, at 37°C as previously
described by the Lewin laboratory (77). CD4+ T cells were further cultured for 13 days at 37°C under 5%
CO, in CD4* T cell medium supplemented with 5 U ml~" IL-2 (Roche) for a further 13 days prior to
experimentation.
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HEK 293 T/17 cells (human; sex: female; a kind gift from John Shyy, University of California, San Diego
[catalog no. CRL-3216; RRID CVCL_0063; ATCC]) and TZM-bl cells were cultured in Dulbecco’s modified
Eagle medium (DMEM) supplemented with 10% (vol/vol) heat-inactivated FBS (Sigma), 0.1 mg ml~’
streptomycin, and 100 U ml~" penicillin (all from Gibco) at 37°C under 5% CO,. SUP-T1 cells (human; sex:
male) (catalog no. CRL-1942; RRID CVCL_1714; ATCC) were cultured in RPMI 1640 supplemented with
10% (vol/vol) heat-inactivated FBS (Sigma), 0.1 mg ml~" streptomycin, and 100 U mI~" penicillin (all from
Gibco) at 37°C under 5% CO,.

Formulation of nanoparticles. PLGA nanoparticle cores were prepared using 0.67 dl g~
carboxy-terminated 50:50 poly(pL-lactide-co-glycolide) (LACTEL Absorbable Polymers) in a solvent
displacement process as described previously (25). Human erythrocyte membrane-coated nanopar-
ticles (RBC-NP) were prepared using a three-step process as described previously (29). TNP were
fabricated using SUP-T1 cell membranes over a PLGA core by a two-step process as described
previously (33). Fluorescently labeled nanoparticles were fabricated by incorporating 1,1'-
dioctadecyl-3,3,3’,3'-tetramethylindodicarbocyanine and 4-chlorobenzenesulfonate salt (DiD; Bi-
otium) with PLGA at 0.1 wt% during the synthesis of the cores. The diameter of the TNP is
105.4 = 4.4 nm, and the surface zeta potential is —29.5 = 1.2 mV (33).

HIV neutralization assay. The neutralization activities of TNP and bNAbs were assessed using
pseudovirus and a single round of replication in TZM-bl cells. Anti-HIV gp120 monoclonal antibodies
VRCO1 (catalog no. 12033) and VRCO3 (catalog no. 12033) were obtained through the NIH AIDS
Reagent Program, Division of AIDS, NIAID, NIH, from John Mascola (37). The pseudovirus panel of 125
geographically and genetically diverse Env-pseudoviruses representing the major subtypes and
circulating recombinant forms were a kind gift from Dennis R. Burton (Scripps Research Institute, San
Diego, CA). This panel includes previously described reference panels of viruses with some overlap
between panels, such that there were 125 unique HIV pseudoviruses (34-36). Pseudoviruses were
generated by cotransfection of HEK 293 T/17 cells with an Env-expressing plasmid and an Env-
deficient genomic backbone plasmid (pSG3AEnv) using polyethylenimine (Sigma). Pseudoviruses
were collected 48 h posttransfection and were stored at —-80°C. TCID,, was determined in TZM-bl
using Spearman-Karber analysis. Virus neutralization was measured using a luciferase-based assay in
TZM-bl cells as described previously (78). Briefly, serial dilutions of TNP or bNAbs (VRCO1 or VRCO3)
were incubated with 200 TCIDs, of virus in the presence of DEAE-dextran, and neutralizing activity
was assessed by measuring luciferase activity after 48 h using a FilterMax F5 multimode microplate
reader (Molecular Devices). Dose-response curves were fitted using nonlinear regression to deter-
mine IC,, and ICy, values (Prism, v. 8; GraphPad).

Cytototoxity and cell viability. The lactate dehydrogenase (LDH) activity of supernatants was
measured using a mixture of diaphorase/NAD* and 3-(4-iodophenyl)-2-(4-nitrophenyl)-5-phenyl-2H-
tetrazol-3-ium chloride/sodium 2-hydroxypropanoate, and the percentage of cytotoxicity was cal-
culated according to the manufacturer’s protocol (TaKaRa Bio). Cell viability was determined using
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide according to the manufacturer’s pro-
tocol (Sigma).

Microscopy. Cells were fixed in Dulbecco’s phosphate-buffered saline (PBS) supplemented with 40
mg ml~" paraformaldehyde for 60 min, and for intracellular staining, they were permeabilized with 0.1%
(vol/vol) Triton X-100 for 10 min. Cells were then probed with anti-HIV p24 (catalog no. M0857; RRID
AB_2335686; Agilent) or anti-HIV gp120 (catalog no. 20-HG81; RRID AB_231637; Fitzgerald Industries) for
60 min, washed, probed with an Alexa Fluor 568-conjugated donkey anti-goat (catalog no. A11057; RRID
AB_2534104; Thermo Scientific) or donkey anti-mouse (catalog no. A10037; RRID AB_2534013; Thermo
Scientific) secondary antibody for 30 min, washed, and then counterstained with 4’,6-diamidino-2-
phenylindole (DAPI) (Molecular Probes). Labeled cells were visualized using an Olympus FluoView
FV-1000 confocal imaging system on an 1X81 platform equipped with U Plan Fluorite 10X/0.4-numerical-
aperture (NA) and 60X/1.42-NA objectives (Olympus). To quantify infection, 30 random fields were
counted for each condition.

Western blotting. The following antibodies were used: anti-ACTB (catalog no. A2228; RRID
AB_476697; Sigma), anti-ATG5 (catalog no. 2630; RRID AB_2062340; Cell Signaling Technology), anti-
ATG7 (catalog no. 2631; RRID AB_2227783; Cell Signaling Technology), anti-ATP1A1 (catalog no. A01483;
RRID AB_1968790; GenScript), anti-HIV gp120 (catalog no. 20-HG81; RRID AB_231637; Fitzgerald Indus-
tries International), anti-MAP1LC3B (catalog no. NB100-2220; Novus Biologicals), anti-PLD1 (from Cell
Signaling Technology [catalog no. 3832; RRID AB_2172256] or Santa Cruz Biotechnology [catalog no.
sc-28314; RRID AB_677324]), and anti-SQSTM1 (catalog no. ab56416; RRID AB_945626; Abcam).

Whole-cell lysates were prepared using 20 mM HEPES (Gibco), 150 mM NaCl (Fisher), 1 mM EDTA
(Sigma) supplemented with 1% (vol/vol) Triton X-100 (Sigma), and 1% (vol/vol) Halt protease and
phosphatase inhibitor cocktail (Thermo Scientific). Membrane fractions were prepared using the Mem-
PER plus membrane protein extraction kit (Thermo Scientific). Lysates were resolved using a 2-[bis(2-
hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol-buffered 12% polyacrylamide gel (GenScript)
and were transferred to 0.2-um polyvinylidene difluoride or 0.45-um nitrocellulose membranes (Thermo
Scientific), followed by detection with primary antibodies, horseradish peroxidase-tagged secondary
antibodies (Santa Cruz Biotechnology), and the SuperSignal West Dura extended-duration substrate
(Thermo Scientific) using CL-XPosure film (Thermo Scientific). Films were then scanned at 16 bit, and the
relative densities of the target bands were calculated using ImageJ (NIH) and were compared to the
applicable reference band: ACTB (for whole-cell lysates) or ATP1A1 (for membrane fractions). Only bands
with transparencies of 2 to 11 (58368-5991 grayscale values) on the Stouffer 21-step transparent guide
were used and analyzed.

September/October 2020 Volume 11 Issue 5 €00903-20

mBio’

mbio.asm.org 13


https://mbio.asm.org

Zhang et al.

TNP-cell-associated gp120 binding assay. To test the binding of TNP to HIV gp120-expressing HEK
293 T/17 cells or HIV-infected primary cells, cells were fixed using PBS supplemented with 40 g liter—'
paraformaldehyde for 60 min and were then incubated with PBS (vehicle), 1 wg ml~" IgG isotype control,
or 1 ug ml~—" anti-gp120 (VRCO3) for 3 h. After a wash with PBS, cells were incubated with 400 ug ml—’
DiD-TNP for 4 h. Cells were then extensively washed to remove extraneous cell-free TNP before
cell-attached TNP were quantified using a FilterMax F5 multimode microplate reader (Molecular Devices).

RNA.. Lentiviral transduction with MISSION lentiviral particles containing short hairpin RNA (shRNA)
targeting ATG5 (catalog no. SHCLNV-NM_004849; clone no. TRCN0000151963) or ATG7 (catalog no.
SHCLNV-NM_006395; clone no. TRCNO000007584), or a scrambled no-target negative control (catalog no.
SHCO002V) (all from Sigma), was performed as described previously (48, 74). Cells were transfected with
PLDT siRNA (catalog no. sc-44000; Santa Cruz Biotechnology) or control scrambled siRNA (siNS; catalog
no. 4390846; Thermo Scientific) using Lipofectamine RNAIMAX transfection reagent (Thermo Scientific)
as described previously (79). Transfection efficiency was assessed with BLOCK-iT Alexa Fluor red fluo-
rescent control (Thermo Scientific) by flow cytometry (79).

PLD activity and PA production. PLD1 activity was estimated using the Amplex Red phospholipase
D assay kit (Thermo Fisher) according to the manufacturer’s protocol using a FilterMax F5 multimode
microplate reader (Molecular Devices). Phosphatidic acid production was determined using the Total
Phosphatidic Acid assay kit (Cell Biolabs) according to the manufacturer’s protocol using a FilterMax F5
multimode microplate reader. VU0359595 and VU0155069 were purchased from Santa Cruz Biotechnol-
ogy and were used at 1 uM for 1 h before treatment.

Statistics. Samples were assigned to experimental groups through simple random sampling. Sample
size was determined using a 2-sample 2-sided equality test with a power (1 - B) of 0.8, an « value of 0.05,
and preliminary data where the minimum difference in outcome was at least 70%. Sample sizes are given
in the figure legends and refer to the number of donors (independent biological replicates [n]). Data are
represented as dot blots with arithmetic means = 95% confidence intervals for independent biological
replicates and as the arithmetic means = standard deviations for technical replicates (cell line data). Data
were assessed for symmetry, or skewness, using Pearson’s skewness coefficient. Normalized ratiometric
data were log, transformed. Comparisons between groups were performed using the paired, two-tailed
Student t test. P values were determined on the basis of biological replicates (with technical replicates
averaged within each biological replicate). In all experiments, differences were considered significant
when P was less than 0.05 (* P < 0.05).

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
FIG S1, TIF file, 0.4 MB.

ACKNOWLEDGMENTS

This work was supported, in whole or in part, by the National Institute of Neuro-
logical Disorders and Stroke of the NIH (www.ninds.nih.gov) (grants R0O1 NS084912 and
RO1T NS104015 to S.A.S.), the Defense Threat Reduction Agency Joint Science and
Technology Office for Chemical and Biological Defense (grant HDTRA1-14-1-0064 to
L.Z.), and the International Maternal Pediatric Adolescent AIDS Clinical Trials (IMPAACT)
Network (impaactnetwork.org). Overall support for the IMPAACT Network is provided
by the National Institute of Allergy and Infectious Diseases (NIAID) of the NIH under
award numbers UM1AI068632 (IMPAACT LOC), UM1AI068616 (IMPAACT SDMC), and
UM1AI106716 (IMPAACT LC), with cofunding from the Eunice Kennedy Shriver National
Institute of Child Health and Human Development (NICHD) and the National Institute
of Mental Health (NIMH). The content is solely the responsibility of the authors and does
not necessarily represent the official views of the NIH. The funders had no role in study
design, data collection and analysis, decision to publish, or preparation of the manu-
script.

G.Z, L.Z, and S.AS. designed all experiments. G.R.C. conducted and analyzed the
bafilomycin A1 experiments, analyzed the neutralization data, and performed all bio-
statistics. G.R.C., E.M.,, and J.H. conducted the neutralization experiments. Q.Z. and W.G.
fabricated the nanoparticles. G.Z. conducted and analyzed all other experiments. L.Z.
and S.A.S. secured funding. S.A.S. conceived of the study and, together with G.R.C. and
G.Z., wrote the manuscript, which was edited by all authors.

We declare no competing interests.

mBio’

REFERENCES
1. Gaschen B, Taylor J, Yusim K, Foley B, Gao F, Lang D, Novitsky V, erations in HIV-1 vaccine selection. Science 296:2354-2360. https://
Haynes B, Hahn BH, Bhattacharya T, Korber B. 2002. Diversity consid- doi.org/10.1126/science.1070441.

September/October 2020 Volume 11 Issue 5 €00903-20

mbio.asm.org 14


http://www.ninds.nih.gov
https://doi.org/10.1126/science.1070441
https://doi.org/10.1126/science.1070441
https://mbio.asm.org

CD4* T Cell-Mimicking Nanoparticles Inhibit HIV

10.

11.

12.

13.

September/October 2020 Volume 11

. Walker LM, Phogat SK, Chan-Hui PY, Wagner D, Phung P, Goss JL, Wrin T,

Simek MD, Fling S, Mitcham JL, Lehrman JK, Priddy FH, Olsen OA, Frey SM,
Hammond PW, Protocol G Principal Investigators, Kaminsky S, Zamb T,
Moyle M, Koff WC, Poignard P, Burton DR. 2009. Broad and potent neutral-
izing antibodies from an African donor reveal a new HIV-1 vaccine target.
Science 326:285-289. https://doi.org/10.1126/science.1178746.

. Zhou T, Georgiev |, Wu X, Yang ZY, Dai K, Finzi A, Kwon YD, Scheid JF,

Shi W, Xu L, Yang Y, Zhu J, Nussenzweig MC, Sodroski J, Shapiro L, Nabel
GJ, Mascola JR, Kwong PD. 2010. Structural basis for broad and potent
neutralization of HIV-1 by antibody VRCO1. Science 329:811-817. https://
doi.org/10.1126/science.1192819.

. Caskey M, Klein F, Lorenzi JC, Seaman MS, West AP, Jr, Buckley N, Kremer

G, Nogueira L, Braunschweig M, Scheid JF, Horwitz JA, Shimeliovich I,
Ben-Avraham S, Witmer-Pack M, Platten M, Lehmann C, Burke LA, Haw-
thorne T, Gorelick RJ, Walker BD, Keler T, Gulick RM, Fatkenheuer G,
Schlesinger SJ, Nussenzweig MC. 2015. Viraemia suppressed in HIV-1-
infected humans by broadly neutralizing antibody 3BNC117. Nature
522:487-491. https://doi.org/10.1038/nature14411.

. Wu X, Guo J, Niu M, An M, Liu L, Wang H, Jin X, Zhang Q, Lam KS, Wu

T, Wang H, Wang Q, Du Y, Li J, Cheng L, Tang HY, Shang H, Zhang L,
Zhou P, Chen Z. 2018. Tandem bispecific neutralizing antibody elimi-
nates HIV-1 infection in humanized mice. J Clin Invest 128:2239-2251.
https://doi.org/10.1172/JCI196764.

. Kwong PD, Mascola JR, Nabel GJ. 2009. Mining the B cell repertoire for

broadly neutralizing monoclonal antibodies to HIV-1. Cell Host Microbe
6:292-294. https://doi.org/10.1016/j.chom.2009.09.008.

. Haynes BF, Shaw GM, Korber B, Kelsoe G, Sodroski J, Hahn BH, Borrow P,

McMichael AJ. 2016. HIV-host interactions: implications for vaccine de-
sign. Cell Host Microbe 19:292-303. https://doi.org/10.1016/j.chom.2016
.02.002.

. Hessell AJ, Rakasz EG, Tehrani DM, Huber M, Weisgrau KL, Landucci G,

Forthal DN, Koff WC, Poignard P, Watkins DI, Burton DR. 2010. Broadly
neutralizing monoclonal antibodies 2F5 and 4E10 directed against the
human immunodeficiency virus type 1 gp41 membrane-proximal exter-
nal region protect against mucosal challenge by simian-human immu-
nodeficiency virus SHIVBa-L. J Virol 84:1302-1313. https://doi.org/10
.1128/JV1.01272-09.

. Pegu A, Yang ZY, Boyington JC, Wu L, Ko SY, Schmidt SD, McKee K, Kong

WP, Shi W, Chen X, Todd JP, Letvin NL, Huang J, Nason MC, Hoxie JA,
Kwong PD, Connors M, Rao SS, Mascola JR, Nabel GJ. 2014. Neutralizing
antibodies to HIV-1 envelope protect more effectively in vivo than those
to the CD4 receptor. Sci Transl Med 6:243ra288. https://doi.org/10.1126/
scitranslmed.3008992.

Liu J, Ghneim K, Sok D, Bosche WJ, Li Y, Chipriano E, Berkemeier B,
Oswald K, Borducchi E, Cabral C, Peter L, Brinkman A, Shetty M, Jimenez
J, Mondesir J, Lee B, Giglio P, Chandrashekar A, Abbink P, Colantonio A,
Gittens C, Baker C, Wagner W, Lewis MG, Li W, Sekaly RP, Lifson JD,
Burton DR, Barouch DH. 2016. Antibody-mediated protection against
SHIV challenge includes systemic clearance of distal virus. Science 353:
1045-1049. https://doi.org/10.1126/science.aag0491.

Lynch RM, Boritz E, Coates EE, DeZure A, Madden P, Costner P, Enama
ME, Plummer S, Holman L, Hendel CS, Gordon |, Casazza J, Conan-Cibotti
M, Migueles SA, Tressler R, Bailer RT, McDermott A, Narpala S, O'Dell S,
Wolf G, Lifson JD, Freemire BA, Gorelick RJ, Pandey JP, Mohan S,
Chomont N, Fromentin R, Chun T-W, Fauci AS, Schwartz RM, Koup RA,
Douek DC, Hu Z, Capparelli E, Graham BS, Mascola JR, Ledgerwood JE,
VRC 601 Study Team. 2015. Virologic effects of broadly neutralizing
antibody VRCO1 administration during chronic HIV-1 infection. Sci Transl
Med 7:319ra206. https://doi.org/10.1126/scitransimed.aad5752.

Scheid JF, Horwitz JA, Bar-On Y, Kreider EF, Lu CL, Lorenzi JC, Feldmann
A, Braunschweig M, Nogueira L, Oliveira T, Shimeliovich I, Patel R, Burke
L, Cohen YZ, Hadrigan S, Settler A, Witmer-Pack M, West AP, Jr, Juelg B,
Keler T, Hawthorne T, Zingman B, Gulick RM, Pfeifer N, Learn GH, Seaman
MS, Bjorkman PJ, Klein F, Schlesinger SJ, Walker BD, Hahn BH, Nussen-
zweig MC, Caskey M. 2016. HIV-1 antibody 3BNC117 suppresses viral
rebound in humans during treatment interruption. Nature 535:556 -560.
https://doi.org/10.1038/nature18929.

Zhou T, Zheng A, Baxa U, Chuang GY, Georgiev IS, Kong R, O'Dell S,
Shahzad-Ul-Hussan S, Shen CH, Tsybovsky Y, Bailer RT, Gift SK, Louder
MK, McKee K, Rawi R, Stevenson CH, Stewart-Jones GBE, Taft JD, Waltari
E, Yang Y, Zhang B, Shivatare SS, Shivatare VS, Lee CD, Wu CY, NISC
Comparative Sequencing Program, Mullikin JC, Bewley CA, Burton DR,
Polonis VR, Shapiro L, Wong CH, Mascola JR, Kwong PD, Wu X. 2018. A
neutralizing antibody recognizing primarily N-linked glycan targets the

Issue 5 e00903-20

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

mBio’

silent face of the HIV envelope. Immunity 48:500-513.e6. https://doi
.org/10.1016/j.immuni.2018.02.013.

. Mamo T, Moseman EA, Kolishetti N, Salvador-Morales C, Shi J, Kuritzkes

DR, Langer R, von Andrian U, Farokhzad OC. 2010. Emerging nanotech-
nology approaches for HIV/AIDS treatment and prevention. Nanomedi-
cine (Lond) 5:269-285. https://doi.org/10.2217/nnm.10.1.

. Ramana LN, Sharma S, Sethuraman S, Ranga U, Krishnan UM. 2014,

Evaluation of chitosan nanoformulations as potent anti-HIV therapeutic
systems. Biochim Biophys Acta 1840:476-484. https://doi.org/10.1016/j
.bbagen.2013.10.002.

. Ramana LN, Sharma S, Sethuraman S, Ranga U, Krishnan UM. 2015.

Stealth anti-CD4 conjugated immunoliposomes with dual antiretroviral
drugs—modern Trojan horses to combat HIV. Eur J Pharm Biopharm
89:300-311. https://doi.org/10.1016/j.ejpb.2014.11.021.

. Glass JJ, Yuen D, Rae J, Johnston AP, Parton RG, Kent SJ, De Rose R. 2016.

Human immune cell targeting of protein nanoparticles— caveospheres.
Nanoscale 8:8255-8265. https://doi.org/10.1039/c6nr00506¢.

. Cunha-Reis C, Machado A, Barreiros L, Araujo F, Nunes R, Seabra V,

Ferreira D, Segundo MA, Sarmento B, das Neves J. 2016. Nanoparticles-
in-film for the combined vaginal delivery of anti-HIV microbicide drugs.
J Control Release 243:43-53. https://doi.org/10.1016/j.jconrel.2016.09
.020.

. Fiandra L, Capetti A, Sorrentino L, Corsi F. 2017. Nanoformulated anti-

retrovirals for penetration of the central nervous system: state of the art.
J Neuroimmune Pharmacol 12:17-30. https://doi.org/10.1007/s11481
-016-9716-3.

Adesina SK, Akala EO. 2015. Nanotechnology approaches for the delivery
of exogenous siRNA for HIV therapy. Mol Pharm 12:4175-4187. https://
doi.org/10.1021/acs.molpharmaceut.5b00335.

Thalhauser S, Peterhoff D, Wagner R, Breunig M. 2020. Critical design
criteria for engineering a nanoparticulate HIV-1 vaccine. J Control Re-
lease 317:322-335. https://doi.org/10.1016/j.jconrel.2019.11.035.
Thalhauser S, Peterhoff D, Wagner R, Breunig M. 2020. Presentation of
HIV-1 envelope trimers on the surface of silica nanoparticles. J Pharm Sci
109:911-921. https://doi.org/10.1016/j.xphs.2019.10.059.

Bowman MC, Ballard TE, Ackerson CJ, Feldheim DL, Margolis DM, Melander
C. 2008. Inhibition of HIV fusion with multivalent gold nanoparticles. J Am
Chem Soc 130:6896-6897. https://doi.org/10.1021/ja710321g.

Zhang G, Luk BT, Wei X, Campbell GR, Fang RH, Zhang L, Spector SA.
2019. Selective cell death of latently HIV-infected CD4* T cells mediated
by autosis inducing nanopeptides. Cell Death Dis 10:419. https://doi.org/
10.1038/541419-019-1661-7.

Hu CM, Zhang L, Aryal S, Cheung C, Fang RH, Zhang L. 2011. Erythrocyte
membrane-camouflaged polymeric nanoparticles as a biomimetic deliv-
ery platform. Proc Natl Acad Sci U S A 108:10980-10985. https://doi.org/
10.1073/pnas.1106634108.

Thamphiwatana S, Angsantikul P, Escajadillo T, Zhang Q, Olson J, Luk BT,
Zhang S, Fang RH, Gao W, Nizet V, Zhang L. 2017. Macrophage-like
nanoparticles concurrently absorbing endotoxins and proinflammatory
cytokines for sepsis management. Proc Natl Acad Sci U S A 114
11488-11493. https://doi.org/10.1073/pnas.1714267114.

Wei X, Ying M, Dehaini D, Su Y, Kroll AV, Zhou J, Gao W, Fang RH, Chien
S, Zhang L. 2018. Nanoparticle functionalization with platelet membrane
enables multifactored biological targeting and detection of atheroscle-
rosis. ACS Nano 12:109-116. https://doi.org/10.1021/acsnano.7b07720.
Angsantikul P, Fang RH, Zhang L. 2018. Toxoid vaccination against
bacterial infection using cell membrane-coated nanoparticles. Bioconjug
Chem 29:604-612. https://doi.org/10.1021/acs.bioconjchem.7b00692.
Chen Y, Chen M, Zhang Y, Lee JH, Escajadillo T, Gong H, Fang RH, Gao
W, Nizet V, Zhang L. 2018. Broad-spectrum neutralization of pore-
forming toxins with human erythrocyte membrane-coated nano-
sponges. Adv Healthc Mater 7:e1701366. https://doi.org/10.1002/adhm
.201701366.

Luk BT, Jiang Y, Copp JA, Hu CJ, Krishnan N, Gao W, Li S, Fang RH, Zhang
L. 2018. Biomimetic targeting of nanoparticles to immune cell subsets
via cognate antigen interactions. Mol Pharm 15:3723-3728. https://doi
.org/10.1021/acs.molpharmaceut.8b00074.

Kroll AV, Jiang Y, Zhou J, Holay M, Fang RH, Zhang L. 2019. Biomimetic
nanoparticle vaccines for cancer therapy. Adv Biosyst 3:21800219.
https://doi.org/10.1002/adbi.201800219.

Wei X, Ran D, Campeau A, Xiao C, Zhou J, Dehaini D, Jiang Y, Kroll AV,
Zhang Q, Gao W, Gonzalez DJ, Fang RH, Zhang L. 2019. Multiantigenic
nanotoxoids for antivirulence vaccination against antibiotic-resistant

mbio.asm.org 15


https://doi.org/10.1126/science.1178746
https://doi.org/10.1126/science.1192819
https://doi.org/10.1126/science.1192819
https://doi.org/10.1038/nature14411
https://doi.org/10.1172/JCI96764
https://doi.org/10.1016/j.chom.2009.09.008
https://doi.org/10.1016/j.chom.2016.02.002
https://doi.org/10.1016/j.chom.2016.02.002
https://doi.org/10.1128/JVI.01272-09
https://doi.org/10.1128/JVI.01272-09
https://doi.org/10.1126/scitranslmed.3008992
https://doi.org/10.1126/scitranslmed.3008992
https://doi.org/10.1126/science.aag0491
https://doi.org/10.1126/scitranslmed.aad5752
https://doi.org/10.1038/nature18929
https://doi.org/10.1016/j.immuni.2018.02.013
https://doi.org/10.1016/j.immuni.2018.02.013
https://doi.org/10.2217/nnm.10.1
https://doi.org/10.1016/j.bbagen.2013.10.002
https://doi.org/10.1016/j.bbagen.2013.10.002
https://doi.org/10.1016/j.ejpb.2014.11.021
https://doi.org/10.1039/c6nr00506c
https://doi.org/10.1016/j.jconrel.2016.09.020
https://doi.org/10.1016/j.jconrel.2016.09.020
https://doi.org/10.1007/s11481-016-9716-3
https://doi.org/10.1007/s11481-016-9716-3
https://doi.org/10.1021/acs.molpharmaceut.5b00335
https://doi.org/10.1021/acs.molpharmaceut.5b00335
https://doi.org/10.1016/j.jconrel.2019.11.035
https://doi.org/10.1016/j.xphs.2019.10.059
https://doi.org/10.1021/ja710321g
https://doi.org/10.1038/s41419-019-1661-7
https://doi.org/10.1038/s41419-019-1661-7
https://doi.org/10.1073/pnas.1106634108
https://doi.org/10.1073/pnas.1106634108
https://doi.org/10.1073/pnas.1714267114
https://doi.org/10.1021/acsnano.7b07720
https://doi.org/10.1021/acs.bioconjchem.7b00692
https://doi.org/10.1002/adhm.201701366
https://doi.org/10.1002/adhm.201701366
https://doi.org/10.1021/acs.molpharmaceut.8b00074
https://doi.org/10.1021/acs.molpharmaceut.8b00074
https://doi.org/10.1002/adbi.201800219
https://mbio.asm.org

Zhang et al.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

September/October 2020 Volume 11

Gram-negative bacteria. Nano Lett 19:4760-4769. https://doi.org/10
.1021/acs.nanolett.9b01844.

Wei X, Zhang G, Ran D, Krishnan N, Fang RH, Gao W, Spector SA, Zhang
L. 2018. T-cell-mimicking nanoparticles can neutralize HIV infectivity.
Adv Mater 30:e1802233. https://doi.org/10.1002/adma.201802233.
Seaman MS, Janes H, Hawkins N, Grandpre LE, Devoy C, Giri A, Coffey RT,
Harris L, Wood B, Daniels MG, Bhattacharya T, Lapedes A, Polonis VR,
McCutchan FE, Gilbert PB, Self SG, Korber BT, Montefiori DC, Mascola JR.
2010. Tiered categorization of a diverse panel of HIV-1 Env pseudovi-
ruses for assessment of neutralizing antibodies. J Virol 84:1439-1452.
https://doi.org/10.1128/JV1.02108-09.

deCamp A, Hraber P, Bailer RT, Seaman MS, Ochsenbauer C, Kappes J,
Gottardo R, Edlefsen P, Self S, Tang H, Greene K, Gao H, Daniell X,
Sarzotti-Kelsoe M, Gorny MK, Zolla-Pazner S, LaBranche CC, Mascola JR,
Korber BT, Montefiori DC. 2014. Global panel of HIV-1 Env reference
strains for standardized assessments of vaccine-elicited neutralizing an-
tibodies. J Virol 88:2489-2507. https://doi.org/10.1128/JV1.02853-13.
Simek MD, Rida W, Priddy FH, Pung P, Carrow E, Laufer DS, Lehrman JK,
Boaz M, Tarragona-Fiol T, Miiro G, Birungi J, Pozniak A, McPhee DA,
Manigart O, Karita E, Inwoley A, Jaoko W, Dehovitz J, Bekker LG, Pitisut-
tithum P, Paris R, Walker LM, Poignard P, Wrin T, Fast PE, Burton DR, Koff
WC. 2009. Human immunodeficiency virus type 1 elite neutralizers:
individuals with broad and potent neutralizing activity identified by
using a high-throughput neutralization assay together with an analytical
selection algorithm. J Virol 83:7337-7348. https://doi.org/10.1128/JVI
.00110-09.

Wu X, Yang ZY, Li Y, Hogerkorp CM, Schief WR, Seaman MS, Zhou T,
Schmidt SD, Wu L, Xu L, Longo NS, McKee K, O'Dell S, Louder MK, Wycuff
DL, Feng Y, Nason M, Doria-Rose N, Connors M, Kwong PD, Roederer M,
Wyatt RT, Nabel GJ, Mascola JR. 2010. Rational design of envelope
identifies broadly neutralizing human monoclonal antibodies to HIV-1.
Science 329:856-861. https://doi.org/10.1126/science.1187659.
Bonsignori M, Scott E, Wiehe K, Easterhoff D, Alam SM, Hwang KK,
Cooper M, Xia SM, Zhang R, Montefiori DC, Henderson R, Nie X, Kelsoe
G, Moody MA, Chen X, Joyce MG, Kwong PD, Connors M, Mascola JR,
McGuire AT, Stamatatos L, Medina-Ramirez M, Sanders RW, Saunders KO,
Kepler TB, Haynes BF. 2018. Inference of the HIV-1 VRCO1 antibody
lineage unmutated common ancestor reveals alternative pathways to
overcome a key glycan barrier. Immunity 49:1162-1174.e8. https://doi
.org/10.1016/j.immuni.2018.10.015.

Lawlor C, O'Connor G, O’Leary S, Gallagher PJ, Cryan SA, Keane J,
O’Sullivan MP. 2016. Treatment of Mycobacterium tuberculosis-infected
macrophages with poly(lactic-co-glycolic acid) microparticles drives
NF«B and autophagy dependent bacillary killing. PLoS One 11:
e0149167. https://doi.org/10.1371/journal.pone.0149167.

Klionsky DJ, Abdelmohsen K, Abe A, Abedin MJ, Abeliovich H, Acevedo
Arozena A, Adachi H, Adams CM, Adams PD, Adeli K, Adhihetty PJ, Adler
SG, Agam G, Agarwal R, Aghi MK, Agnello M, Agostinis P, Aguilar PV,
Aguirre-Ghiso J, Airoldi EM, Ait-Si-Ali S, Akematsu T, Akporiaye ET,
Al-Rubeai M, Albaiceta GM, Albanese C, Albani D, Albert ML, Aldudo J,
Algil H, Alirezaei M, Alloza I, Almasan A, Almonte-Beceril M, Alnemri ES,
Alonso C, Altan-Bonnet N, Altieri DC, Alvarez S, Alvarez-Erviti L, Alves S,
Amadoro G, Amano A, Amantini C, Ambrosio S, Amelio |, Amer AO,
Amessou M, Amon A, An Z, et al. 2016. Guidelines for the use and
interpretation of assays for monitoring autophagy (3rd edition). Au-
tophagy 12:1-222. https://doi.org/10.1080/15548627.2015.1100356.
Kroemer G, Levine B. 2008. Autophagic cell death: the story of a misno-
mer. Nat Rev Mol Cell Biol 9:1004-1010. https://doi.org/10.1038/
nrm2529.

Campbell GR, Spector SA. 2013. Inhibition of human immunodeficiency
virus type-1 through autophagy. Curr Opin Microbiol 16:349-354.
https://doi.org/10.1016/j.mib.2013.05.006.

Campbell GR, Spector SA. 2011. Hormonally active vitamin D3 (1¢,25-
dihydroxycholecalciferol) triggers autophagy in human macrophages
that inhibits HIV-1 infection. J Biol Chem 286:18890-18902. https://doi
.org/10.1074/jbc.M110.206110.

Campbell GR, Spector SA. 2012. Vitamin D inhibits human immunode-
ficiency virus type 1 and Mycobacterium tuberculosis infection in mac-
rophages through the induction of autophagy. PLoS Pathog 8:e1002689.
https://doi.org/10.1371/journal.ppat.1002689.

Campbell GR, Spector SA. 2012. Toll-like receptor 8 ligands activate a
vitamin D mediated autophagic response that inhibits human immuno-
deficiency virus type 1. PLoS Pathog 8:1003017. https://doi.org/10
.1371/journal.ppat.1003017.

Issue 5 e00903-20

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

mBio

Shoji-Kawata S, Sumpter R, Leveno M, Campbell GR, Zou Z, Kinch L,
Wilkins AD, Sun Q, Pallauf K, MacDuff D, Huerta C, Virgin HW, Helms JB,
Eerland R, Tooze SA, Xavier R, Lenschow DJ, Yamamoto A, King D,
Lichtarge O, Grishin NV, Spector SA, Kaloyanova DV, Levine B. 2013.
Identification of a candidate therapeutic autophagy-inducing peptide.
Nature 494:201-206. https://doi.org/10.1038/nature11866.

Campbell GR, Bruckman RS, Chu YL, Spector SA. 2015. Autophagy
induction by histone deacetylase inhibitors inhibits HIV type 1. J Biol
Chem 290:5028-5040. https://doi.org/10.1074/jbc.M114.605428.
Campbell GR, Bruckman RS, Herns SD, Joshi S, Durden DL, Spector SA.
2018. Induction of autophagy by PI3K/MTOR and PI3K/MTOR/BRD4 in-
hibitors suppresses HIV-1 replication. J Biol Chem 293:5808-5820.
https://doi.org/10.1074/jbc.RA118.002353.

Castro-Gonzalez S, Shi Y, Colomer-Lluch M, Song Y, Mowery K, Alimodo-
var S, Bansal A, Kirchhoff F, Sparrer K, Liang C, Serra-Moreno R. 2020.
HIV-1 Nef counteracts autophagy restriction by enhancing the associa-
tion between BECN1 and its inhibitor BCL2 in a PRKN-dependent man-
ner. Autophagy 2020:1-25. https://doi.org/10.1080/15548627.2020
.1725401.

Campbell GR, To RK, Zhang G, Spector SA. 2020. SMAC mimetics induce
autophagy-dependent apoptosis of HIV-1-infected macrophages. Cell
Death Dis 11:590. https://doi.org/10.1038/541419-020-02761-x.

Yoon MS, Rosenberger CL, Wu C, Truong N, Sweedler JV, Chen J. 2015.
Rapid mitogenic regulation of the mTORC1 inhibitor, DEPTOR, by phos-
phatidic acid. Mol Cell 58:549-556. https://doi.org/10.1016/j.molcel.2015
.03.028.

Roth MG. 2008. Molecular mechanisms of PLD function in membrane
traffic. Traffic 9:1233-1239. https://doi.org/10.1111/j.1600-0854.2008
.00742.x.

Zhang Q, Honko A, Zhou J, Gong H, Downs SN, Vasquez JH, Fang RH,
Gao W, Griffiths A, Zhang L. 2020. Cellular nanosponges inhibit SARS-
CoV-2 infectivity. Nano Lett 20:5570-5574. https://doi.org/10.1021/acs
.nanolett.0c02278.

Ball SC, Abraha A, Collins KR, Marozsan AJ, Baird H, Quifiones-Mateu ME,
Penn-Nicholson A, Murray M, Richard N, Lobritz M, Zimmerman PA, Kawa-
mura T, Blauvelt A, Arts EJ. 2003. Comparing the ex vivo fitness of CCR5-
tropic human immunodeficiency virus type 1 isolates of subtypes B and C.
J Virol 77:1021-1038. https://doi.org/10.1128/JV1.77.2.1021-1038.2003.
Arien KK, Abraha A, Quinones-Mateu ME, Kestens L, Vanham G, Arts EJ.
2005. The replicative fitness of primary human immunodeficiency virus
type 1 (HIV-1) group M, HIV-1 group O, and HIV-2 isolates. J Virol
79:8979-8990. https://doi.org/10.1128/JVI.79.14.8979-8990.2005.
Kaleebu P, Nankya IL, Yirrell DL, Shafer LA, Kyosiimire-Lugemwa J, Lule
DB, Morgan D, Beddows S, Weber J, Whitworth JA. 2007. Relation
between chemokine receptor use, disease stage, and HIV-1 subtypes A
and D: results from a rural Ugandan cohort. J Acquir Immune Defic Syndr
45:28-33. https://doi.org/10.1097/QAI.0b013e3180385aa0.

Campbell GR, Loret EP, Spector SA. 2010. HIV-1 clade B Tat, but not
clade C Tat, increases X4 HIV-1 entry into resting but not activated
CD4* T cells. J Biol Chem 285:1681-1691. https://doi.org/10.1074/jbc
.M109.049957.

Kiwanuka N, Robb M, Laeyendecker O, Kigozi G, Wabwire-Mangen F,
Makumbi FE, Nalugoda F, Kagaayi J, Eller M, Eller LA, Serwadda D,
Sewankambo NK, Reynolds SJ, Quinn TC, Gray RH, Wawer MJ, Whalen
CC. 2010. HIV-1 viral subtype differences in the rate of CD4+ T-cell
decline among HIV seroincident antiretroviral naive persons in Rakai
district, Uganda. J Acquir Immune Defic Syndr 54:180-184. https://doi
.0rg/10.1097/QA1.0b013e3181c98fc0.

Amornkul PN, Karita E, Kamali A, Rida WN, Sanders EJ, Lakhi S, Price
MA, Kilembe W, Cormier E, Anzala O, Latka MH, Bekker LG, Allen SA,
Gilmour J, Fast PE, IAVI Africa HIV Prevention Partnership. 2013.
Disease progression by infecting HIV-1 subtype in a seroconverter
cohort in sub-Saharan Africa. AIDS 27:2775-2786. https://doi.org/10
.1097/QAD.0000000000000012.

Venner CM, Nankya |, Kyeyune F, Demers K, Kwok C, Chen PL, Rwambuya
S, Munjoma M, Chipato T, Byamugisha J, Van Der Pol B, Mugyenyi P,
Salata RA, Morrison CS, Arts EJ. 2016. Infecting HIV-1 subtype predicts
disease progression in women of sub-Saharan Africa. EBioMedicine 13:
305-314. https://doi.org/10.1016/j.ebiom.2016.10.014.

Nardacci R, Amendola A, Ciccosanti F, Corazzari M, Esposito V, Vlassi C,
Taibi C, Fimia GM, Del Nonno F, Ippolito G, D'Offizi G, Piacentini M. 2014.
Autophagy plays an important role in the containment of HIV-1 in
nonprogressor-infected patients. Autophagy 10:1167-1178. https://doi
.org/10.4161/auto.28678.

mbio.asm.org 16


https://doi.org/10.1021/acs.nanolett.9b01844
https://doi.org/10.1021/acs.nanolett.9b01844
https://doi.org/10.1002/adma.201802233
https://doi.org/10.1128/JVI.02108-09
https://doi.org/10.1128/JVI.02853-13
https://doi.org/10.1128/JVI.00110-09
https://doi.org/10.1128/JVI.00110-09
https://doi.org/10.1126/science.1187659
https://doi.org/10.1016/j.immuni.2018.10.015
https://doi.org/10.1016/j.immuni.2018.10.015
https://doi.org/10.1371/journal.pone.0149167
https://doi.org/10.1080/15548627.2015.1100356
https://doi.org/10.1038/nrm2529
https://doi.org/10.1038/nrm2529
https://doi.org/10.1016/j.mib.2013.05.006
https://doi.org/10.1074/jbc.M110.206110
https://doi.org/10.1074/jbc.M110.206110
https://doi.org/10.1371/journal.ppat.1002689
https://doi.org/10.1371/journal.ppat.1003017
https://doi.org/10.1371/journal.ppat.1003017
https://doi.org/10.1038/nature11866
https://doi.org/10.1074/jbc.M114.605428
https://doi.org/10.1074/jbc.RA118.002353
https://doi.org/10.1080/15548627.2020.1725401
https://doi.org/10.1080/15548627.2020.1725401
https://doi.org/10.1038/s41419-020-02761-x
https://doi.org/10.1016/j.molcel.2015.03.028
https://doi.org/10.1016/j.molcel.2015.03.028
https://doi.org/10.1111/j.1600-0854.2008.00742.x
https://doi.org/10.1111/j.1600-0854.2008.00742.x
https://doi.org/10.1021/acs.nanolett.0c02278
https://doi.org/10.1021/acs.nanolett.0c02278
https://doi.org/10.1128/JVI.77.2.1021-1038.2003
https://doi.org/10.1128/JVI.79.14.8979-8990.2005
https://doi.org/10.1097/QAI.0b013e3180385aa0
https://doi.org/10.1074/jbc.M109.049957
https://doi.org/10.1074/jbc.M109.049957
https://doi.org/10.1097/QAI.0b013e3181c98fc0
https://doi.org/10.1097/QAI.0b013e3181c98fc0
https://doi.org/10.1097/QAD.0000000000000012
https://doi.org/10.1097/QAD.0000000000000012
https://doi.org/10.1016/j.ebiom.2016.10.014
https://doi.org/10.4161/auto.28678
https://doi.org/10.4161/auto.28678
https://mbio.asm.org

CD4* T Cell-Mimicking Nanoparticles Inhibit HIV

62.

63.

64,

65.

66.

67.

68.

69.

70.

September/October 2020 Volume 11

Kyei GB, Dinkins C, Davis AS, Roberts E, Singh SB, Dong C, Wu L,
Kominami E, Ueno T, Yamamoto A, Federico M, Panganiban A, Vergne |,
Deretic V. 2009. Autophagy pathway intersects with HIV-1 biosynthesis
and regulates viral yields in macrophages. J Cell Biol 186:255-268.
https://doi.org/10.1083/jcb.200903070.

Campbell GR, Rawat P, Bruckman RS, Spector SA. 2015. Human immu-
nodeficiency virus type 1 Nef inhibits autophagy through transcription
factor EB sequestration. PLoS Pathog 11:¢1005018. https://doi.org/10
.1371/journal.ppat.1005018.

Borel S, Robert-Hebmann V, Alfaisal J, Jain A, Faure M, Espert L, Chaloin
L, Paillart JC, Johansen T, Biard-Piechaczyk M. 2015. HIV-1 viral infectivity
factor interacts with microtubule-associated protein light chain 3 and
inhibits autophagy. AIDS 29:275-286. https://doi.org/10.1097/QAD
.0000000000000554.

Taylor HE, Simmons GE, Jr, Mathews TP, Khatua AK, Popik W, Lindsley
CW, D'Aquila RT, Brown HA. 2015. Phospholipase D1 couples CD4* T cell
activation to c-Myc-dependent deoxyribonucleotide pool expansion and
HIV-1 replication. PLoS Pathog 11:€1004864. https://doi.org/10.1371/
journal.ppat.1004864.

Fletcher CV, Staskus K, Wietgrefe SW, Rothenberger M, Reilly C,
Chipman JG, Beilman GJ, Khoruts A, Thorkelson A, Schmidt TE, An-
derson J, Perkey K, Stevenson M, Perelson AS, Douek DC, Haase AT,
Schacker TW. 2014. Persistent HIV-1 replication is associated with
lower antiretroviral drug concentrations in lymphatic tissues. Proc
Natl Acad Sci U S A 111:2307-2312. https://doi.org/10.1073/pnas
.1318249111.

Calcagno A, Di Perri G, Bonora S. 2014. Pharmacokinetics and pharma-
codynamics of antiretrovirals in the central nervous system. Clin Phar-
macokinet 53:891-906. https://doi.org/10.1007/s40262-014-0171-0.
Dehaini D, Wei X, Fang RH, Masson S, Angsantikul P, Luk BT, Zhang Y,
Ying M, Jiang Y, Kroll AV, Gao W, Zhang L. 2017. Erythrocyte-platelet
hybrid membrane coating for enhanced nanoparticle functionalization.
Adv Mater 29. https://doi.org/10.1002/adma.201606209.

Spivak AM, Planelles V. 2016. HIV-1 eradication: early trials (and
tribulations). Trends Mol Med 22:10-27. https://doi.org/10.1016/j
.molmed.2015.11.004.

Walker-Sperling VE, Pohlmeyer CW, Tarwater PM, Blankson JN. 2016. The
effect of latency reversal agents on primary CD8* T cells: implications for
shock and kill strategies for human immunodeficiency virus eradication.
EBioMedicine 8:217-229. https://doi.org/10.1016/j.ebiom.2016.04.019.

Issue 5 e00903-20

71.

72.

73.

74.

75.

76.

77.

78.

79.

mBio’

Adachi A, Gendelman HE, Koenig S, Folks T, Willey R, Rabson A, Martin
MA. 1986. Production of acquired immunodeficiency syndrome-
associated retrovirus in human and nonhuman cells transfected with an
infectious molecular clone. J Virol 59:284-291. https://doi.org/10.1128/
JVI.59.2.284-291.1986.

Gartner S, Markovits P, Markovitz DM, Kaplan MH, Gallo RC, Popovic M.
1986. The role of mononuclear phagocytes in HTLV-III/LAV infection.
Science 233:215-219. https://doi.org/10.1126/science.3014648.

Popovic M, Gartner S, Read-Connole E, Beaver B, Reitz M. 1988. Cell
tropism and expression of HIV-1 isolates in natural targets, p 21-27. In
Girard M, Valette L (ed), Retroviruses of human AIDS and related animal
diseases:colloque des “cent gardes,” vol 3. Pasteur Vaccins, Marnes-La-
Coquette, France.

Campbell GR, Bruckman RS, Chu YL, Trout RN, Spector SA. 2018. SMAC
mimetics induce autophagy-dependent apoptosis of HIV-1-infected rest-
ing memory CD4+ T cells. Cell Host Microbe 24:689-702.e7. https://doi
.org/10.1016/j.chom.2018.09.007.

Japour AJ, Mayers DL, Johnson VA, Kuritzkes DR, Beckett LA, Arduino JM,
Lane J, Black RJ, Reichelderfer PS, D’Aquila RT. The RV-43 Study Group,
the AIDS Clinical Trial Group Virology Committee Resistance Working
Group. 1993. Standardized peripheral blood mononuclear cell culture
assay for determination of drug susceptibilities of clinical human immu-
nodeficiency virus type 1 isolates. Antimicrob Agents Chemother 37:
1095-1101. https://doi.org/10.1128/AAC.37.5.1095.

Wei X, Decker JM, Liu H, Zhang Z, Arani RB, Kilby JM, Saag MS, Wu X,
Shaw GM, Kappes JC. 2002. Emergence of resistant human immunode-
ficiency virus type 1 in patients receiving fusion inhibitor (T-20) mono-
therapy. Antimicrob Agents Chemother 46:1896-1905. https://doi.org/
10.1128/aac.46.6.1896-1905.2002.

Saleh S, Wightman F, Ramanayake S, Alexander M, Kumar N, Khoury G,
Pereira C, Purcell D, Cameron PU, Lewin SR. 2011. Expression and
reactivation of HIV in a chemokine induced model of HIV latency in
primary resting CD4* T cells. Retrovirology 8:80. https://doi.org/10.1186/
1742-4690-8-80.

Montefiori DC. 2005. Evaluating neutralizing antibodies against HIV, SIV,
and SHIV in luciferase reporter gene assays. Curr Protoc Immunol Chap-
ter 12:Unit 12.11. https://doi.org/10.1002/0471142735.im1211s64.
Campbell GR, To RK, Spector SA. 2019. TREM-1 protects HIV-1-infected
macrophages from apoptosis through maintenance of mitochondrial
function. mBio 10:02638-19. https://doi.org/10.1128/mBio.02638-19.

mbio.asm.org 17


https://doi.org/10.1083/jcb.200903070
https://doi.org/10.1371/journal.ppat.1005018
https://doi.org/10.1371/journal.ppat.1005018
https://doi.org/10.1097/QAD.0000000000000554
https://doi.org/10.1097/QAD.0000000000000554
https://doi.org/10.1371/journal.ppat.1004864
https://doi.org/10.1371/journal.ppat.1004864
https://doi.org/10.1073/pnas.1318249111
https://doi.org/10.1073/pnas.1318249111
https://doi.org/10.1007/s40262-014-0171-0
https://doi.org/10.1002/adma.201606209
https://doi.org/10.1016/j.molmed.2015.11.004
https://doi.org/10.1016/j.molmed.2015.11.004
https://doi.org/10.1016/j.ebiom.2016.04.019
https://doi.org/10.1128/JVI.59.2.284-291.1986
https://doi.org/10.1128/JVI.59.2.284-291.1986
https://doi.org/10.1126/science.3014648
https://doi.org/10.1016/j.chom.2018.09.007
https://doi.org/10.1016/j.chom.2018.09.007
https://doi.org/10.1128/AAC.37.5.1095
https://doi.org/10.1128/aac.46.6.1896-1905.2002
https://doi.org/10.1128/aac.46.6.1896-1905.2002
https://doi.org/10.1186/1742-4690-8-80
https://doi.org/10.1186/1742-4690-8-80
https://doi.org/10.1002/0471142735.im1211s64
https://doi.org/10.1128/mBio.02638-19
https://mbio.asm.org

	RESULTS
	TNP broadly neutralize a global panel of Env-pseudotyped HIV. 
	TNP targets HIV Env on the surface of the plasma membrane. 
	Internalized TNP induces autophagy in HIV-infected cells. 
	Induction of autophagy by TNP inhibits HIV replication. 
	PLD1 is an essential regulator for TNP-induced autophagy. 

	DISCUSSION
	MATERIALS AND METHODS
	HIV. 
	Cell culture. 
	Formulation of nanoparticles. 
	HIV neutralization assay. 
	Cytototoxity and cell viability. 
	Microscopy. 
	Western blotting. 
	TNP-cell-associated gp120 binding assay. 
	RNAi. 
	PLD activity and PA production. 
	Statistics. 

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

