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ABSTRACT HIV-1 is rare among viruses for having a low number of envelope glyco-
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obtained through selection of producer cells, represent an adaptable platform for
vaccine design and should aid in the study of native Env.

IMPORTANCE The paucity of spikes on HIV is a unique feature that has been associ-
ated with evasion of the immune system, while increasing spike density has been a
goal of vaccine design. Increasing the density of Env by modifying it in various ways
has met with limited success. Here, we focused instead on the producer cell. Cells
that stably express HIV spikes were screened on the basis of high binding by bnAbs
and low binding by nonneutralizing antibodies. Levels of spikes on cells correlated
well with those on progeny virions. Importantly, high-Env virus-like particles (hVLPs)
were produced with a manifest array of well-defined spikes, and these were shown
to be superior in activating desirable B cells. Our study describes HIV particles that
are densely coated with functional spikes, which should facilitate the study of HIV
spikes and their development as immunogens.

KEYWORDS antigenicity, broadly neutralizing antibodies, envelope glycoprotein,
fluorescence-activated cell sorting, HIV-1, vaccine design, virus-like particles,
cellPACK, electron microscopy, viral infectivity

uman immunodeficiency virus type 1 (HIV-1) displays around 7 to 14 envelope
(Env) spikes per virion (1-3). This low number of spikes is unusual for enveloped
viruses in comparison to numbers for influenza virus (~400 to 500 spikes), vesicular
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stomatitis virus ([VSV] ~1,200 spikes), Rous sarcoma virus (up to 118 spikes) (4), murine
leukemia virus ([MuLV] ~100 spikes), and simian immunodeficiency virus ([SIV] ~70
spikes); measles and respiratory syncytial virus also have a dense coat of spikes in
electron micrographs (5). The consequences and underlying basis for the low copy
number of HIV-1 Env are incompletely understood. However, the scarcity of spikes on
HIV-1 may be an adaptation to evade humoral immunity by (i) limiting multivalent
engagement with B cell receptors (BCRs) and hence the B cell response (6, 7) and (ii)
preventing bivalent binding by antibody that might otherwise enhance neutralization
(5). Whereas HIV-1 Env copy number has been studied at subnormal levels, increasing
the levels of functional Env on virions has been met with limited success.

Because spikes are sparse across different subtypes of HIV-1, elements that regulate
Env abundance are likely to be conserved. There are conserved regions in the surface
subunit, gp120, and transmembrane (TM) subunit, gp41; however, these regions of Env
are typically important for folding or targets of broadly neutralizing antibodies (bnAbs).
Modifications to the C-terminal tail (CTT) of gp41 have been shown to enhance Env
copy number with SIV (8-10). With HIV-1, however, manipulating the CTT has either
enhanced Env modestly (i.e., 3-fold) or decreased its levels (11). CTT modification also
affects the antigenicity of HIV-1 Env (12) and can alter neutralization sensitivity in an
Env-dependent manner (13-17). Stable cell line production of Env (18), and substitu-
tions with a foreign TM domain have been shown to enhance Env on virus-like particles
(VLPs); but the effects are either modest, or the reports lack details about the integrity,
function, and antigenicity of trimeric Env (19-22).

Efforts to enhance immune responses to Env have involved multimerization of
soluble native-like trimers (gp140s) on nanoparticles by fusion with self-assembling
proteins or by conjugation to liposomes (23-25). These soluble trimers mimic the
structure and antigenicity of native spikes (26); however, in many cases truncations to
the CTT, TM domain, and the membrane-proximal external region (MPER) perturb Env
structure, albeit to various degrees (8, 12, 14, 17, 27), expose nonneutralizing epitopes
at the base of the spike (28), and/or eliminate epitopes of MPER bnAbs. Full-length Env
spikes have also been multimerized on proteoliposomes, but immobilization and
chemical fixation procedures could have distorted Env display (29). In sum, these
artificial particles have the potential to create unwanted “neo-epitopes” or lose bnAb
epitopes on Env. To our knowledge, a high-density display on HIV-1 of native spikes
(n > 100) has not been clearly demonstrated but could circumvent some of the above
issues and be useful for vaccine design.

Here, we asked whether the host cell limits the number of spikes on HIV-1. We
transduced a population of human cells to express native Env and sorted these by
multiple iterations of fluorescence-activated cell sorting (FACS) for a phenotype fea-
turing high levels of bnAbs (bnAbMigh phenotype) and low levels of non-nAbs (non-
nAb'ow phenotype). Resulting cells were stained efficiently by trimer-specific bnAbs and
not by non-nAbs. Remarkably, VLPs generated from these cells present an average
of >120 Env spikes per virion by electron microscopy (EM), as supported by biochem-
ical methods. We designate these high-Env VLPs, or hVLPs. Despite differences in
average Env copy numbers of over 1 order of magnitude between hVLPs and normal
pseudotyped virus, there was surprisingly no strong or consistent difference in global
neutralization sensitivities. Sequencing of Env from sorted cells revealed the presence
of a spontaneous stop codon in the CTT from gp41; the partial CTT truncation, however,
did not disturb Env antigenicity and was alone insufficient for the high density of Env.
The selection of the producer cell crucially contributed to the high-Env phenotype.
Notably, hVLPs show superior activation of Env-specific B cells. The augmentation of
Env trimers on cells and progeny hVLPs thus provides opportunities for vaccine design
that includes native Env in a membrane environment.

RESULTS
Cell sorting enhances Env display. We showed previously that transfection of
human cells using a molecular clone of HIV-1 yields characteristically low levels of Env
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spikes on cognate virions (30). Our attempts to increase Env content using DNA
transfection, including env codon optimization, use of a constitutive cytomegalovirus
(CMV) promoter, optimized leader sequence, and truncation of the CTT did not signif-
icantly increase the number of mature Env trimers on virions but did produce an excess
of immature or misfolded Env debris (30). We considered that impediments to a dense
display of spikes on the membrane may be intrinsic to the producer cell.

We designed a screen to augment the Env display on the cell surface. We chose to
display a relatively stable Env, Comb-mut, which was identified previously for its ability
to withstand harsh conditions and thus may be relatively well behaved prior to and
following incorporation into virions (31). We also combined codon optimization of env
and a strong CMV promoter to eliminate Rev dependence of the transcript and to
support constitutive transcription of env, respectively (32, 33). Thus, rather than use an
inducible promoter that limits the duration of exposure of Env to the cell (34), we had
the intention of selecting cells that tolerate high-level, continuous production of Env.

A lentiviral vector facilitated transduction and chromosomal integration of the env
transgene into human (HEK293T) cells. Following transduction, cells were expanded
and stained in bulk using two antibodies, VRCO1 and b6, to the CD4 binding site
(CD4bs) of the subunit gp120. VRCO1 is a bnAb that recognizes both mature trimeric
spikes and other forms of gp120 (35), whereas b6 is a non-nAb that cannot bind the
CD4bs when gp120 is assembled on mature trimeric spikes (31). We used FACS to sort
for cells with high levels of VRCOT and low levels of b6 binding (VRCOThigh below
phenotype), anticipating that these would be enriched for trimeric spikes. A single cell
with this phenotype was expanded into a stable cell line, named V1 cells, which flow
cytometry consistently showed to have a bnAb"i9h non-bnAb'*w phenotype.

V1 cells were subjected to three more rounds of FACS, each time gating on the
VRCO1high be'ow phenotype to obtain a single cell for subsequent expansion and
resorting (Fig. 1A). Cell lines from each consecutive round of selection, named V1, V2,
V3, and V4, were assessed for bnAb binding by flow cytometry. Cells from each round
of selection showed increased levels of staining with bnAbs, including PGT151 and
PGT145 that are specific for trimeric Env, and binding remained low with non-nAbs b6,
F105, and 7B2 (Fig. 1B). The observed increases in binding to quaternary bnAbs
unrelated to VRCO1 used in FACS strongly suggest that membrane Env was increasing
in amount rather than in affinity for VRCO1. We also prepared total membrane protein
from cell lines V1 to V4 and probed these using Env-specific antibodies in an enzyme-
linked immunosorbent assay (ELISA). Membrane Env increased with each round of
sorting (Fig. 1C), which correlated further with bnAb binding to sorted cells using flow
cytometry (Fig. 1D) (P = 0.0169). We conclude that sorting cells for a VRCO1high b6low
phenotype led to a progressive increase in Env trimer content on the surface of sorted
cells.

To investigate whether the increase in cell surface Env on cell lines V1 to V4 was
due to an increase in total Env expression in the cells or to a redistribution of
mature Env to cell surfaces, we solubilized the same number of cells from each cell
line V1 to V4 and probed the total Env content by SDS-PAGE and Western blotting
using a cocktail of antibodies to gp120 and gp41. The Western blot revealed a steady
increase of not only mature gp120 and gp41 subunits but also immature gp160, with
apparently equal increases in expression levels among all three glycoprotein species
(Fig. 1E). These results contradict a model in which there was a disproportionate
increase in processing and surface display of mature Env and, rather, support a model
in which total expression of Env increased as the cells were selected and in which the
processing of gp160 into gp120 and gp41 kept pace with the increase in gp160.

Presence of CTT truncation. Sequencing of genomic DNA of both the V1 and V4
cell lines revealed the presence of a premature stop codon in the env transgene at
position 755 (755%) in the CTT of gp41 (Fig. 2A). No other mutations were observed, and
the stop codon 755* was not in the original transduction vector and so most likely arose
spontaneously following integration into the host chromosome. Stop codon 755*
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FIG 1 Sorting cells using bnAb and FACS to express high levels of HIV-1 Env trimers. (A) Human cells
(HEK293T) were transduced with a lentiviral vector bearing env, and FACS was used to acquire single cells
having a bnAbhigh non-nAb'°w phenotype (i.e., VRCO1high b6'low). A total of four rounds of sorting were
performed. (B) Env-bearing cells expanded from each round (V1 to V4) were probed using a panel of bnAbs
and non-nAbs by flow cytometry. The antibody staining profile of Env-bearing cells is diagnostic of mature
Env trimers and increases with each round of sorting. (C) Env content (gp160 equivalents) in membrane
fractions prepared from cell lines V1 to V4 as determined by ELISA. (D) Correlation between cell surface
staining by bnAb as shown in panel B and the quantity of membrane Env as shown in panel C. (E) V1 to
V4 cells were normalized to 300 cells per sample and solubilized, and Env was separated and probed using
SDS-PAGE and Western blotting; the blot is representative of at least two independent experiments. LTR,
long terminal repeat; SV40, simian virus 40; prom, promoter; MCS, multiple cloning site; MFI, mean
fluorescence intensity; rep origin, replication of origin. *, P < 0.05.

truncates 102 amino acid residues from the CTT, preserving the Kennedy epitope but
removing the lentiviral lytic peptide (LLP) motifs LLP-2, LLP-3, and LLP-1 (Fig. 2A).
Notably, stop codons proximal to this position have been observed in lentiviruses that
have been passaged in cell culture (36, 37).

Truncations in the CTT have been shown to alter conformation or exposure of
epitopes surrounding the receptor binding sites on gp120 or the MPER of gp41 (12, 14).
However, as an anticipated consequence of our FACS strategy, V4 cells show favorable
antigenicity with high binding to quaternary bnAbs and minimal binding by non-nAbs
b6 and F105 to the CD4bs. MPER bnAbs 2F5, 4E10, and 10E8 also show minimal binding
to V4 cells, as expected of mature, native Env trimers (38). We will return to the effect
of the CTT truncation on membrane Env in the following section.

Generation of HIV-1 virus-like particles with enhanced levels of Env trimer.
Next, we asked whether observed increases in Env on sorted cells results in an increase
of Env on virus-like particles (VLPs) released from these cells. We transfected cell lines
V1 to V4 with DNA of an Env-deficient molecular clone, pSG3AEnvy, to provide compo-
nents for pseudotyped VLP formation (e.g., Gag, Pol, and accessory elements). VLPs
were purified from cell culture supernatants using iodixanol density gradient centrifu-
gation (30). We assessed particle size (dispersity) of the VLPs using nanoparticle tracking
analysis (NTA), which simultaneously evaluates light scattering and Brownian motion
(39). VLPs produced from V1, V2, V3, and V4 cells were found to be monodisperse, with
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FIG 2 The CTT of gp41 is partially truncated and is not exposed on hVLPs. (A) Sequence alignment of the
Env CTTs from V1 and V4 cells. The env transgenes from V1 and V4 cell lines were sequenced and aligned
to full-length Comb-mut. Only the C-terminal tail (CTT) of gp41 is shown where the only mutation was
found, i.e,, L555*. Described sequence motifs in the CTT are marked with colored boxes above the
corresponding sequence. LLP, lentivirus lytic peptide. (B) Kennedy epitope on the CTT of gp41 is
occluded on intact hVLPs. Purified V1 and V4 VLPs were immobilized and probed in an ELISA using the
anti-Kennedy epitope antibody Chessie 8. Bald VLPs and anti-dengue virus DEN3 antibody were included
as negative virus controls and negative antibody controls, respectively. Solubilized VLPs are treated with
detergent to liberate gp41 from virions and were used as positive controls.

nearly identical average diameters ranging from 138 to 143 nm, indicating pure, intact,
and homogeneous particles of a size expected of HIV-1 virions (Fig. 3A). Purified, intact
VLPs were normalized for Gag (p24) content, immobilized, and then probed in an ELISA
using a panel of bnAbs and non-nAbs. Binding of bnAbs VRCO1, PGT145, and PGT151
increased incrementally from V1 to V4 VLPs (Fig. 3B). Notably, these ELISA binding data
on VLPs correlate with the above binding data obtained from flow cytometry of the
cognate VLP producer cells (Fig. 3C).

To determine the oligomeric state of Env on VLPs, we turned to blue native
(BN)-PAGE. VLPs from V1, V2, V3, and V4 cells were solubilized in nonionic detergent,
and then proteins were separated by BN-PAGE and stained by Western blotting using
Env-specific antibodies. A clear band is seen at the predicted position of an Env trimer,
with staining increasing incrementally from V1 to V4 hVLPs (Fig. 3D), again in agree-
ment with antigenicity data from ELISAs and the flow cytometry experiments described
above. Taken together, the results suggest the presence of well-folded, trimeric Env on
both VLPs and producer cells.

VLPs produced from V4 cells showed the highest abundance of Env and hence will
be referred to as V4 hVLPs or hVLPs. We probed V4 hVLPs in a virus ELISA using a panel
of antibodies. The virus ELISA revealed an antigenicity profile expected for well-ordered
spikes (Fig. 4A). Thus, hVLPs were recognized by a variety of bnAbs as follows: binding
of VRCO1, PGV04, and CD4-IgG2 to the CD4bs; PG16, PGT145, and PGDM1400 to V2;
PGT121, PGT126, PGT128, and 2G12 to the N332 glycan supersite; PGT151, 35022, to
the gp120-gp41 interface; 10E8, 2F5, and 4E10 to the MPER. We note that the V3 crown
antibody, 447-52D, bound to V4 hVLPs; however, this is not entirely unexpected since
447-52D shows some weak neutralizing activity against Comb-mut (see below), and
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FIG 3 hVLPs are homogeneous and display trimeric spikes. (A) Nanoparticle tracking analysis (NTA) of
purified VLPs, including bald VLPs, normal pseudotyped virus (293T VLPs), and V1 to V4 hVLPs shows that
particles are monodisperse with an average diameter of 137 to 143 nm. (B) Virus ELISA was used to probe
V1 to V4 hVLPs immobilized on microwells with a panel of bnAbs and non-nAbs. (C) Correlation between
bnAb staining of producer cells by flow cytometry and bnAb binding to hVLPs by virus ELISA. (D) V1 to
V4 hVLPs were solubilized in nonionic detergent, and Env was separated and probed using BN-block and
Western blotting. OD,,, optical density at 450 nm.

binding by 447-52D was less than that of bnAbs against the N332 supersite. Antibodies
b6, F105, 17b, 7B2, and Z13e1 also showed little to no binding to V4 hVLPs in the ELISA
(Fig. 4A), consistent with the expected antigenicity of Comb-mut native trimers since
Comb-mut is not neutralized by these antibodies (see below). hVLPs also showed no
binding with an antibody to the Kennedy epitope of the CTT, Chessie 8, in agreement
with a prior report that this epitope is generally not exposed on virions (Fig. 2B) (40, 41).

To assess antigenicity of VLPs using a different method, purified V4 hVLPs were
captured onto wheat germ agglutinin (WGA)-coated biosensors and then probed with
antibodies using biolayer light interferometry (BLI). The BLI results clearly show that V4
hVLPs are recognized by bnAbs 2G12, PGV04, PG16, PGT145, PGT121, and 4E10 and not
by several non-nAbs, including b6, F105, 17b, 7B2, and 19b (Fig. 4B). One discrepancy
was with 447-52D, which showed no significant binding in this BLI assay but did show
binding in the virus ELISA. The reason for this discrepancy is unclear but might be due
to differences in immobilization conditions that expose V3 in the ELISA but not the BLI
assay, or other factors might be involved. Overall, the antigenicity profile of membrane
Env on V4 hVLPs is consistent with that of well-folded, trimeric spikes, with little or no
evidence of gp41 stumps or misfolded Env debris.

EM of HIV-1 VLPs. Next, we used electron microscopy (EM) to visualize intact VLPs.
We negatively stained particles using uranyl formate, which we found suitable for
visualizing opaque virions without significant disruption or exposure of condensed Gag
cores (Fig. 5A). VLPs were roughly 181 to 191 nm in diameter, around the anticipated
size of HIV-1 virions though slightly larger than that determined by NTA (3). The
enlarged diameter in EM is consistent with a slight flattening of virions due to
immobilization and staining on the carbon grid. Importantly, distinct puncta or pro-
jections equal in size to that predicted of a trimeric spike, i.e, ~10 to 15 nm, were
clearly visible against the darker VLPs and frequently appeared in a trimeric shape.

We manually counted visible spikes on numerous virions. To estimate the number of
spikes per hVLP, we doubled the number of observed spikes since negatively stained VLPs
are opaque, and the opposite face is occluded (Fig. 5B). Notably, the average number of
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FIG 4 V4 hVLPs display antigenically correct trimeric spikes. (A) V4 hVLPs were immobilized and probed
by ELISA using a panel of bnAbs and non-nAbs. (B) V4 hVLPs were captured on wheat germ agglutinin-
coated biosensors and probed using a subset of bnAbs and non-nAbs by biolayer light interferometry
(BLI).

spikes per hVLP from V1, V2, V3, and V4 cells correlated with staining of Env trimers on
producer cells as determined by flow cytometry (Fig. 5C) (P value of <0.0001). We also
counted the number of spikes using a semiautomated image-processing approach (42).
The resulting count and spike position were in good agreement with the manual count
(Fig. 6A). Minimum spike-spike distances per particle were also determined; the dis-
tance decreased with increasing copy number, as expected, and reached a minimum of
13 nm with the hVLP V4 particles (Fig. 6A). We conclude that the number of spikes on
hVLPs was enhanced through the iterative FACS of producer cells from an average of
49 to 56 spikes per particle for V1 hVLPs to 127 to 134 spikes per particle for V4 hVLPs.
With V4 hVLPs, this average count is as much as 10-fold above that typical for HIV-1
(n =7to 14) (2, 3).

We noted that there was some heterogeneity in the number of spikes per particle
in the V1 image set, where some particles showed few, if any, spikes whereas others
had as many as 132 (Fig. 5B). We did not, however, observe VLPs without spikes in
subsequent selection rounds. The spikes appear to be distributed more or less ran-
domly on all particles. Whereas nonrandom distributions of spikes have been reported
with immature HIV-1 due to interaction between the gp41 CTT and Pr55%29 (43, 44), the
random distribution with our hVLPs is largely consistent with these being mature
particles and having a partial truncation in the CTT. Using a computational approach,
cellPACK (45, 46) (Fig. 6B), we modeled virions with a random distribution of 10, 49, 127,
214, and 330 spikes. These spike counts correspond with, respectively, (i) reqular HIV-1
virions (2, 3), (i) V1 hVLPs, (iii) V4 hVLPs, (iv) the highest number of spikes on a single
V4 hVLP estimated from EM images, and (v) the theoretical maximum number of spikes
calculated using cellPACK. On visual inspection, the models compare favorably to
cognate representative hVLPs in the EM images, both in terms of density and distri-
bution of Env on the particles. We note that the highest number of spikes determined
for V4 hVLPs, which was 214, is close to, albeit still below, a theoretical maximum
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FIG 5 Electron microscopy (EM) of hVLPs. (A) Representative VLPs, including bald particles, VLPs generated
by transient transfection (293T), and (h)VLPs V1 to V4 visualized using negative stain EM. Bar, 100 nm. (B)
Visible spikes or puncta were counted on individual virions (bald VLPs, n = 24; 293T VLPs, n = 19; V1 VLPs,
n = 37; V2 VLPs, n = 29; V3 VLPs, n = 31; V4 VLPs, n = 46), and the total number of estimated trimers is
plotted per virion. Each dot in the graph represents an individual virion. (C) Relative staining of producer
cells by trimer-specific bnAb correlates with the average number of spikes per virion (P < 0.0001). *, P <
0.05; ***, P < 0.001.

number of 330 spikes, suggesting perhaps that the number of spikes might have been
further increased with additional rounds of sorting.

Infectivity and neutralization properties of hVLPs. Wide separation between Env
spikes on HIV-1 presumably retards clustering of receptor-engaged spikes, so increased
density of Env is anticipated to enhance infectivity of HIV-1 (5, 9, 13, 47-51). To address
this possibility, hVLPs were produced from V1, V2, V3, and V4 cells and then assayed for
infection of TZM-bl CD4+ CCR5™ target cells. Infectivity of VLPs was determined both
from cell culture supernatant and following purification by iodixanol density gradient
centrifugation using normal Comb-mut (gp160) pseudovirus that was produced by
transient transfection as a control. hVLPs from V1, V2, V3, and V4 cells were found to be
~20-fold more infectious than normal pseudovirus, whereas hVLPs were equally infec-
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VLPs
V1 V2 V3 V4
Manual count (mean + SD) 49+38 84+34 102+28 12731
Automatic count (mean + SD) 56+36 90+32 110+26 134 %30
VLP diameter, nm (mean + SD) 191+25 187+14 18116 186+ 14
Minimum spike-spike distance, nm 17 + 6 164 14 +1 131

FIG 6 Computational analyses and modeling of Env on VLPs. (A) Env spikes from EM images were counted
using a semiautomated procedure. The hVLP spike count, diameter, and minimum spike-spike distances are
tabulated. (B) Computational models of virions were generated using cellPACK. From left to right, the five
models illustrate a random distribution of an increasing number of spikes: 10 (average number of spikes for
HIV-1 virions), 49 (average number of spikes for V1 hVLPs), 127 (average number of spikes for V4 hVLPs),
214 (highest number of spikes estimated from an EM image of a single V4 hVLP), and 330 (theoretical
maximum number of spikes determined to fit on the same size of particle).

tious with each other (Fig. 7A). Thus, an apparent maximum in infectivity is reached
when the average number of spikes is between that of normal pseudovirus (~0.5) and
V1 VLPs (~49) and does not increase further with V4 VLPs (~127). Wild-type HIV-1
notably falls within this range, with an average of ~7 to 14 spikes (1, 3).

An increase in spike density conceivably might affect the sensitivity of HIV-1 to
bnAbs, either due to changes in viral infectivity (9), alteration of epitope exposure from
CTT truncation (12, 14), or an increased chance of bivalent binding of IgG between
spikes (5). We therefore performed neutralization assays using a panel of bnAbs against
V1 and V4 VLPs to determine whether the difference in Env displays between these two
VLP preparations affected neutralization sensitivity. The V1 and V4 VLPs showed
broadly similar neutralization sensitivities against this diverse panel of bnAbs (i.e., 50%
inhibitory concentrations [IC5,s] were generally within 2-fold), despite a 3-fold differ-
ence in apparent copy numbers of Env (Fig. 7B and 8A). However, the dose-response
curve with PG9 plateaued with different maximum percent neutralization (MPN) values
against V4 hVLPs and V1 hVLPs, i.e.,, at 66% and 57%, respectively (Fig. 8A). We also
performed neutralization assays comparing Comb-mut gp160 full-length pseudotyped
virus prepared by transient transfection (293T VLPs) side by side with V1 VLPs against
several bnAbs. The differences in IC;,s between 293T VLPs and V1 VLPs were generally
less than 2-fold (Fig. 8B). We note that IC;,s with V1 VLPs in this experiment were lower
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FIG 7 Infectivity and neutralization characteristics of hVLPs. (A) hVLPs are more infectious than standard
pseudovirions generated in 293T cells but show no significant difference in infectivity levels between hVLPs
V1, V2, V3, and V4. (B) A comparison of the neutralization sensitivities of V1 and V4 hVLPs (left) as well as
of standard (gp160) pseudovirions produced by transient transfection and V1 VLPs against a panel of bnAbs
(right). Results are plotted as the fold change in IC,s in each panel. A star indicates that antibodies did not
reach an IC,, at the highest or lowest concentration tested, as shown in Fig. 8. *, P < 0.05.
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FIG 8 Neutralization of hVLPs by a panel of bnAbs. Results are shown for a comparison of neutralization sensitivities to
bnAbs between V1 and V4 VLPs (A) as well as between V1 and standard pseudovirions generated in 293T cells (293T VLPs)
(B). The estimated fold change in the IC;, between 293T VLPs and V4 VLPs shown in panel B (*) was calculated using IC,,s
from two independent experiments, both of which included V1 VLPs, as follows: fold change in IC,, = (IC5, 293T VLPs/IC,
. na, not applicable (the fold change in IC, could not be calculated

V1 VLPs

experment 8)/(

IC5o V4 VLPS/IC,, V1 VLPs

ug/mi

experiment A

because the antibodies did not reach an IC;, at the highest or lowest concentration tested); sCD4, soluble CD4.

than those in the earlier experiment, at least with respect to PGT145, PGT135, and PGT151,
most likely reflecting assay sensitivity variation between the two experiments. To attempt
to compare neutralization sensitivities between 293T VLPs and V4 VLPs, we used the fact
that V1 VLPs were included in both experiments and thus calculated the following ratio:

(ICso 293T VLPs/ICs, V1

VLPs

experiment B

)/(ICso V4 VLPS/ICso V1 VLPS,eriment a)- The

ratios of 1C;ys of 293T VLPs and V4 VLPs calculated in this way were largely similar;
however, PGT145 and C34 were ~3-fold less potent against V4 VLPs. It was also notable
from these two experiments that PGT135 neutralization activity against V1 and V4 cells
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FIG 9 CTT truncation (755*) does not increase infectivity or Env content of VLPs produced by transient
transfection of 293T cells. Virions were pseudotyped with Comb-mut gp160 (full-length), CTT-truncated
Comb-mut (L755stop), and a 10-fold excess of plasmid DNA of full-length gp160 and were compared to
V4 hVLPs. Virions were normalized for particle concentration and then assayed for percent infectivity in
TZM-bl reporter cells (A) as well as for Env incorporation (B). For the latter, virions were probed with
anti-gp120 antibodies b12, 2G12, and 447-52D in an ELISA, and the optical density (OD) at 450 nm is
shown. ns, not significant. ***, P < 0.001.

appeared to plateau at ~40%, while the neutralization curve against 293T VLPs trended
further upwards. Taken together, the neutralization data indicate that neutralization
sensitivities between 293T VLPs, V1 VLPs, and V4 VLPs were largely similar for most
bnAbs; however, modest epitope-specific differences were also observed that might
reflect differences in spike densities, presence of the partial truncation in the CTT, or
perhaps as yet undetermined factors.

That neutralization of VLPs was largely similar between full-length and CTT-
truncated Env 755* agrees with the flow cytometry experiments of cognate producer
cells in which the partial CTT truncation of Env did not grossly alter major bnAb
epitopes. Taken together, the results from flow cytometry, virus ELISA, and neutraliza-
tion assays show that the partial CTT truncation 755* has limited effects on the Env
ectodomain and its antigenic profile for most bnAbs.

To determine whether the L755* CTT truncation might increase infectivity and Env
display of hVLPs, we tested the infectivity of Comb-mut 755* produced by transient
transfection of 293T cells and found that it was equal to that of normal (full-length
gp160) pseudotyped virus (Fig. 9A). Similar to the infectivity results, when the virions
were normalized by particle content and then probed on an ELISA with anti-gp120
antibodies b12, 2G12, and 447-52D, the 755* virions produced by transient transfection
showed levels of Env (gp120 equivalents) similar to those of virus pseudotyped with
full-length gp160 even when a 10-fold excess of gp160 plasmid DNA was used (Fig. 9B).
We conclude that in the context of transient transfection at least the CTT truncation
755* does not improve Env display or virus infectivity.

hVLPs effectively activate VRCO1 B cells. Clustering of B cell receptors (BCRs) is a
crucial step in antigen-driven B cell clonal expansion and maturation that leads to
high-affinity antibody responses (52). Whereas normal pseudovirions fail to activate
Env-specific B cells (6), multivalent display of Env on hVLPs should, in principle at least,
augment activation of BCRs. To address this, V1 and V4 hVLPs, along with wild-type
pseudovirions, were purified, normalized for p24 content, and coincubated with a B cell
line expressing the BCR of bnAb VRCO1 (human Ig kappa light chain [hCk]) (6).
Activation of VRCO1 B cells was quantified by probing (i) upregulation of the activation
marker CD69 (6), (ii) downregulation of the BCR (6), and (iii) release of the proinflam-
matory cytokines interleukin-6 (IL-6) and tumor necrosis factor alpha (TNF-a@) (53).
Notably, a rank order of B cell activation was observed that correlates with the content
of membrane Env on hVLPs (Fig. 10A). This is best seen with staining of CD69 that
increases incrementally not only according to the dose of particle (p24 equivalents) but
also according to Env content: i.e, V4 hVLP > V1 hVLP > pseudovirions (Fig. 10B). A
similar trend is observed with BCR downregulation (Fig. 10C). Downregulation of VRCO1
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FIG 10 hVLPs efficiently activate Env-specific B cells. B cells expressing BCRs of the anti-gp120 CD4bs
bnAb VRCO1 were cultured with three different concentrations of bald VLPs, normal pseudotyped virus
(293T VLPs), V1 VLPs, or V4 VLPs. Following 24 h, flow cytometry of B cells was used to determine levels
of the activation marker CD69 (A and B) and the B cell receptor hCk, which was downregulated upon
activation (C and D), while levels of proinflammatory cytokines IL-6 (E) and TNF-a (F) in cell culture
supernatants were determined by ELISA. Data shown are an average of two independent experiments.
* P < 0.05; **, P < 0.01; *** P < 0.001.

(hCk) was not detected for normal pseudovirions or with the lowest dose of any particle
but is apparent with higher doses of hVLPs and was strongest with V4 hVLPs at the
highest dose (50X concentrated) (Fig. 10D). The superior capacity of hVLPs to activate
VRCO1-expressing B cells was further confirmed by detection of increased levels of
proinflammatory cytokines IL-6 (Fig. 10E) and TNF-« (Fig. 10F) in the cell culture
supernatant. We conclude from the above results that hVLPs activate B cells of a bnAb
in vitro with an efficiency that increases with the number of spikes per virion and that
continues to increase well above the Env density found in nature, i.e., at least up to 127
spikes per particle.

DISCUSSION

The low number of spikes on HIV-1 is atypical for viruses and is a feature that has
been suggested to help it evade humoral immunity (7). Increasing Env density is an
attractive way to augment B cell responses, but to date a dense array of functional,
membrane-anchored, trimeric spikes on HIV-1 has not been clearly demonstrated. Here,
we describe the generation of hVLPs with high numbers of spikes per virion, >10-fold
beyond the amount of typical HIV-1. This abundance of membrane Env was verified in
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concert with a comprehensive assessment of its molecular properties that confirmed
the predominance of well-ordered trimeric spikes using various techniques. This high-
Env phenotype was acquired using a FACS strategy that selected for antigenicity of
native trimers (i.e., cells recognized by bnAbs but not non-nAbs) and overcame an
inherent resistance to high-Env display in the producer cell.

Our FACS experiment resulted in the selection of an Env that contained a stop
codon in CTT, 755%, that removes 102 amino acid residues from Env. The deleted region
contains functional motifs, including membrane-lytic peptide motifs LLP-1, LLP-2, and
LLP-3, an NF-«B activation motif (“2CLFSYHRLRDLL773) (54), and an endocytosis dileu-
cine motif (833LL854) (27), whereas at least one endocytosis motif (7°°GYSPL7'3) is
retained in V4 Env 755%. Mutations in LLPs to calmodulin binding motifs or to dileucine
motifs in the CTT have been shown to mitigate cytopathic effects of Env (55) or to slow
endosome recycling from the cell surface (27, 56, 57), respectively. Hence, the abun-
dance of Env observed with V4 cells might have been facilitated at least in part by
removing one or more of these motifs. However, it must be emphasized that additional
factors were required since (i) Env content from the selection of cell lines V1 to V4
increased and both V1 and V4 cell lines had identical Env sequences and CTT partial
truncations, and (ii) transient transfections with Env proteins having the same CTT
truncations produced similar amounts of Env as full-length Env.

Alterations to the CTT can disrupt Env conformation; however, any disruption by the
partial 755 truncation would have to be limited since V4 cells and hVLPs were strongly
recognized by quaternary bnAbs and not by non-nAbs. Moreover, we saw no consistent
global differences in neutralization sensitivities with different bnAbs between normal
pseudovirus and V1 or V4 hVLPs. The CTT can interact with Pr5529 to affect incorpo-
ration and distribution of Env on immature virions (43, 58). Whether a partial CTT
truncation at 755" affects distribution of Env on immature virions in a Pr55%a9-
dependent manner remains to be determined (59).

Our results support a role of the producer cell in limiting spikes on HIV-1. Several
host factors have been shown to regulate Env either positively, for example, Rab11-
FIP1C and Rab14 (60), or negatively, for example, IFITMs (61) and MARCH-8 (62).
However, the effects of these proteins on Env were reportedly modest (e.g., 3-fold or
less). Their impacts in different cell types and Env backgrounds will be important to
establish. Env content in V4 hVLPs might additionally relate to the following: genetic
copy number, chromosome accessibility, or epigenetic regulation associated with the
integrated transgene; chaperones or other factors that affect Env folding or the
unfolded protein response (UPR), Env maturation, Env trafficking, endocytic recycling of
Env, or suppression of cell death; or some combination of these factors. Whether these
or other unknown factors contributed to the high-Env phenotype will be worth
investigating in future studies. It would also be interesting to determine if high-Env
display occurs in infected individuals, considering the observed high infectivity of
hVLPs and their enhanced visibility to B cells.

A previous study has shown that increasing Env from less than one gp120 molecule
per virion to an average of nine increased the infectivity of HIV-1 (49). We find that V1,
V2, V3, and V4 hVLPs (ranging from an average of 49 to 127 spikes per virion) are
equally infectious and ~20-fold more infectious than normal pseudovirus that averages
~0.5 spikes per virion. It is tempting to speculate that HIV-1 will reach maximum
infectivity near to its natural number of spikes of 7 to 14 spikes per virion and that a
dense array of Env is unnecessary for maximum infectivity. A caveat, however, is that
infectivity requirements can differ with the type of target cell, particularly with cells
having low levels of CD4 (e.g., macrophages) (63), or in the case of Envs of low intrinsic
infectivity (48, 50, 51). Additional studies to determine the infectivity of hVLPs in which
target cells and envelopes are varied will therefore be informative.

That the density of Env had a limited effect on the neutralization sensitivity of virions
using diverse bnAbs was unexpected as a prior study had shown that SIV was more
resistant to neutralizing antibodies with an increase in Env copy number (13). However,
in that study truncations in the CTT of SIV gp41 had strong effects on infectivity and so
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might have altered Env conformation and/or stability. Nevertheless, a dense array of
HIV-1 spikes affords a possibility for bivalent binding of IgG between spikes and the
potential to increase neutralization potency by the avidity effect (5). The minimum
distance between Env trimers at 127 spikes per (V4) particle was determined to be ~13
nm, while that spanned by two Fab arms of an IgG is ~15 nm (5). Hence, many spikes
per particle will have a neighbor within the span of a single IgG molecule. However,
many spikes will be outside this reach distance. Moreover, spike-spike distance may or
may not predict bivalent straddling of neighboring spikes by an IgG molecule. We
conjecture that HIV-1 may have evolved to limit bivalent engagement of bnAb IgGs
through restricting allowable angles of approach in addition to increasing the inter-
spike distance (5) so that spikes will tend to bind 1:1 with IgG. Further studies are
warranted to investigate this hypothesis. Overall, however, bnAb affinity for trimeric
Env seems to be the major determinant of neutralization for both hVLPs and HIV-1, in
broad agreement with prior studies (64).

Limited epitope-specific differences in neutralization sensitivities were observed
between 293T, V1, and V4 VLPs. Such differences might be due to variations in Env copy
number, CTT length, glycosylation, membrane lipid content of the VLPs, or perhaps
other undetermined factors; future studies are needed to better understand how these
factors affect the neutralization sensitivity of HIV-1. PGT135, for example, binds to the
N332 glycan supersite and showed maximum neutralization at ~40% with V1 and V4
VLPs but not 293T VLPs. A previous study showed that microheterogeneity in N-linked
glycosylation at N332, N386, and N392 can affect PGT135 neutralization and that the
presence of MangGIcNACc, at N392 likely blocks PGT135 binding to create the observed
partial neutralization phenotype (65). It is possible that 293T VLPs, V1 VLPs, and V4 VLPs
differ somewhat in glycosylation; however, we note that the neutralization abilities of
other glycan-specific bnAbs (PGT145, PGT151, and 2G12) were relatively similar among
these VLPs, so such differences are likely to be limited.

Densely studded HIV-1 hVLPs are reminiscent of other viruses such as human
papilloma virus (HPV), influenza virus, and hepatitis B virus (HBV), which are coated with
spikes and are associated with potent long-lasting neutralizing antibody responses as
a correlate of protection (52, 66). However, HIV-1 Env shows greater genetic and
antigenic diversity than most other viruses and is more densely shielded by glycan, and
the fact remains that no reported vaccine, multivalent or otherwise, has elicited bnAbs
against HIV-1 (25, 64, 67). Encouragingly, arrays of well-ordered gp140 trimers with an
SOS disulfide (68) or a native flexible linker (NFL) (69) and mutation 1559P on liposomes
and self-assembling nanoparticles have shown some capacity to increase humoral
responses to Env (23-25). Specific immunization strategies with hVLPs or other Env
arrays combined with rational design might benefit humoral responses as well. Notably,
our hVLPs display well-ordered trimers that are not well ordered when produced as a
soluble gp140 (31), so hVLPs can increase the Env sequence space available for
trimerization. Moreover, whereas gp140s expose non-nAb epitopes on the N/C termini
at the base of Env (28), hVLPs preserve native packing of subunits that includes the
MPER epitopes (e.g., 10E8). Finally, hVLPs can equally be made with natural and
designed Env molecules, which can be further screened according to purpose, such as
for enhanced exposure of conserved epitopes or recognition by desirable germ line
BCRs (70).

HIV-1 pseudovirions fail to activate Env-specific B cells (6), but we have shown that
hVLPs are highly efficient in this respect. B cell activation improved as a function of both
hVLP dose and Env copy number, the latter increasing up to the highest density of Env
tested. Maximizing Env density would seem to be helpful for vaccine design. The
potential for greater B cell activation, however, has to be weighed against the possi-
bility for enhanced off-target responses. Such issues can be addressed only through
immunization experiments. Assessment of B cell activation across different BCR idio-
types may also provide insight into whether and how hVLPs activate a particular
response (7, 52). Lastly, B cell responses might be improved further by equipping hVLPs
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with immunomodulatory molecules. Future studies will focus on using hVLPs as
immunogens and evaluating B cell and antibody responses.

MATERIALS AND METHODS

Antibodies and cells. Monoclonal antibodies (human IgG) were obtained from the following sources
(target epitope and subunit in parentheses): VRCO1 (71) (CD4bs, gp120) from J. Mascola (Vaccine
Research Center, NIH); b6 (72), PGV04 (CD4bs, gp120) (73), PGT145 (V2 glycan, gp120) (74), and PGT151
(glycan, gp41) (75) a kind gift from D. Burton (The Scripps Research Institute [TSRI]); F105 (CD4bs, gp120)
(76); 2G12 (mannose patch, gp120) (77), 4E10 (78) (NWFDIT, gp41), 2F5 (ELDKWA, gp41) (79), and
447-52D (V3 crown) (80) from H. Katinger (Polymun); PGT121, PGT126, PGT128 (N332 supersite, gp120)
(74) PG16 (N160 supersite, gp120) (74), and C34 peptide (NHR, gp41) from the NIH AIDS Research and
Reference Reagent Program [ARRRP]; 35022 (gp41-gp120 interface) (81) from M. Connors (NIH); and 7B2
(disulfide loop, gp41) (82) and 17b (CD4i, gp120) (83) from J. Robinson (Tulane). PG9 (N160 supersite,
gp120), PGT135 (N332 supersite, gp120) (74), 3BC176 (gp41-gp120 interface), SHB (CHR, gp41), 10E8
(MPER, gp41) (84), and Z13e1 (MPER, gp41) (85) were produced in house; soluble CD4 was purchased
from Progenics; and anti-human Fc-allophycocyanin (APC) and anti-mouse Fc-APC were purchased from
SouthernBiotech. For FACS, VRCO1 and b6 were conjugated to APC and fluorescein isothiocyanate (FITC),
respectively, using BioPAINT Antibody Labeling (Imgenex). 293T cells were purchased from the American
Type Culture Collection. TZM-bl cells (86) were obtained from the NIH ARRRP and contributed by J.
Kappes and X. Wu. VRCO1-expressing B cells (6) were a kind gift from D. Nemazee (TSRI). All cells were
maintained in Dulbecco’s modified Eagle medium (DMEM) containing 10% fetal bovine serum (FBS), 20
mM L-glutamine, 100 U of penicillin/ml, and 100 pg/ml of streptomycin. Medium for Env cells and
VRCO1-expressing B cells was supplemented with 2 wg/ml puromycin (Life Technologies).

Generation of lentiviral particles for transduction. Comb-mut, a hyperstable mutant of the clade
B ADA gp160 (31), was codon optimized and subcloned as an Xhol-Notl fragment into the lentiviral
expression vector pLenti-lll-HA (where HA is hemagglutinin) (Applied Biological Materials), which con-
tains a puromycin gene for selection of stable cell lines. pLenti-Comb-mut DNA was purified using a
Plasmid Plus Maxikit (Qiagen). Lentiviral particles were generated in 293T cells by cotransfection with
three plasmids: (i) pLenti-Comb-mut, (i) the packaging plasmid psPAX2 (Addgene), and (iii) the vesicular
stomatitis virus G envelope (VSV-G)-expressing plasmid pMD2.G (Addgene). Lentiviral particles were
collected at 2 days posttransfection; culture supernatant was cleared of debris by centrifugation at
2,000 X g for 15 min, passed through a 0.45-um-pore-size filter, and centrifuged at 60,000 X g for
1 h. Lentiviral particles were pelleted, resuspended at 100X concentration in phosphate-buffered
saline (PBS), and titrated using a quantitative PCR (qPCR) Lentiviral Titration kit (Applied Biological
Materials).

FACS. For each round of sorting, 107 cells were washed with PBS and labeled with Fixable Aqua Dead
Cell Stain (Life Technologies) for the detection of dead cells. Cells were washed with FACS buffer (PBS
supplemented with 2% heat-inactivated FBS) and stained with 4 pg/ml APC-conjugated VRCO1 and
FITC-conjugated b6 for 15 min at 4°C. Single cells were sorted using a BD FACSAria Il cell sorter (BD
Biosciences) into microwells containing 200 ul of DMEM containing 20% FBS, 20 mM L-glutamine, 100
U/ml penicillin, 100 wg/ml streptomycin, and 10 wg/ml puromycin.

Flow cytometry. Cells, labeled as above, were washed with FACS buffer and aliquoted into a
round-bottom 96-well plate at 2 X 10° cells per well. Cells were resuspended in 50 ul of FACS buffer
containing primary Ab and incubated for 15 min at 4°C. Cells were washed with FACS buffer, resus-
pended in 50 ul of APC-conjugated anti-Fc secondary Ab, and incubated for 15 min at 4°C. Samples were
washed, and cells were acquired on a BD LSR Il flow cytometer (BD Biosciences). Data were analyzed
using FlowJo software (Tree Star). Dead cells and doublets were excluded from the analysis.

Generation and purification of hVLPs and pseudovirus. VLPs were generated by transfecting Env
cell lines with an Env-deficient HIV-1 backbone plasmid, pSG3AEnv (NIH ARRRP; contributed by J. Kappes
and X. Wu). Pseudotyped virus was generated by cotransfection of normal 293T cells with pLenti-llI-
Comb-mut and pSG3AEnv. Negative-control (bald) VLPs were generated by transfecting 293T cells with
pPSG3AEnv. Supernatants containing VLPs were collected at 2 days posttransfection and clarified by
centrifugation at 3,000 X g for 15 min, and then VLPs were pelleted at 60,000 X g for 1 h. VLPs were
resuspended 100X concentrated in PBS. VLPs were purified as previously described (87). Briefly, 100X
concentrated VLPs were centrifuged through a 6 to 18% iodixanol (Optiprep; Axis-Shield) density
gradient (formed by layering iodixanol in 1.2% increments) at 200,000 X g for 1.5 h at 4°C in an SW41
Ti rotor (Beckman). One-milliliter gradient fractions were collected starting from the top.

ELISAs. (i) Env ELISA. Microwells (Corning) were coated with Galanthus nivalis lectin (10 ug/ml in
PBS; Sigma-Aldrich), blocked with 4% nonfat dry milk (NFDM), and washed using PBS-0.05% Tween 20.
Samples were added to the wells for 1 h at 37°C. Following a washing step, wells were probed with
primary Abs (5 ug/ml) for 1 h at 37°C. Wells were washed and probed with secondary anti-mouse
IgG-horseradish peroxidase (HRP) (Jackson), washed again, and developed using TMB (3,3',5,5'-
tetramethylbenzidine) substrate (Thermo Scientific). Absorbance was measured at 450 nm using a
VersaMax Absorbance Microplate Reader (Molecular Devices).

(ii) Virus ELISA. Virus ELISA was performed as described above except that 0.05% Tween was
excluded from the washing steps to preserve native Env.

(iii) p24 ELISA. For the p24 ELISA, microwells were coated with 5 ug/ml of sheep anti-p24 (Aalto),
blocked with 4% NFDM, and washed using PBS-0.05% Tween 20. VLPs were lysed by adding 0.1%
Empigen and added to the anti-p24-coated wells. Following 2 h of incubation at 37°C, p24 was probed
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with sheep anti-p24-AP (alkaline phosphatase conjugate; Aalto) and detected using an AMPAK amplifi-
cation kit (Argene) according to the manufacturer’s instructions.

SDS-PAGE and Western blotting. Cells were incubated in Laemmli buffer (Bio-Rad) containing 50
mM dithiothreitol (DTT) for 5 min at 100°C and then were separated on 8 to 16% Novex Tris-glycine gels
(Life Technologies) at 120 V for 1 h. Proteins were transferred onto a polyvinylidene difluoride (PVDF)
membrane (Bio-Rad) and probed using a cocktail of antibodies to gp120 (b12, 2G12, and F425-B4e8;
2 pg/ml each) and gp41 (10E8, Z13e1, and A1; 1 ug/ml each), and the blot was developed using Pierce
ECL Plus Western blotting substrate (Life Technologies).

BN-PAGE and Western blotting. Virus was solubilized with 1% n-dodecyl-B-p-maltopyranoside
(DDM), loaded onto a 3 to 12% gradient Native Page BisTris gel (Invitrogen), and run according to
the manufacturer’s directions. Proteins were transferred onto a PVDF membrane and blotted as for
SDS-PAGE.

NTA. Size distribution and concentration of hVLPs were determined by nanoparticle tracking analysis
(NTA) on a NanoSight NS300 instrument (Malvern, Ltd., United Kingdom). An average of three 30-s
measurements per sample were taken under a syringe pump flow rate of ~10 ul/min. At least 10°
particles were analyzed in total during each measurement. The hydrodynamic diameter of the particles
is determined by tracking the individual trajectory of particles moving under Brownian motion (39). The
software NTA, version 3.1, was used for the analysis.

BLI. Biolayer light interferometry (BLI) was performed using an Octet RED system (ForteBio) according
to the manufacturer’s protocol. Briefly, as previously described (25), biotinylated wheat germ agglutinin
(WGA; Vector Laboratories) was captured on streptavidin biosensors (ForteBio), followed by blocking
with 0.1% nonfat dry milk (NFDM) in PBS for 180 s and then a wash for 180 s in blocking buffer. Next,
VLPs were captured onto WGA sensors for 30 min, followed by a wash for 1 h. Biosensors were immersed
in 30 ug/ml monoclonal antibodies (MAbs) for 300 s to allow association of trimers with antibody,
followed by dissociation for 30 min. A constant temperature of 30°C was maintained inside the
instrument during all reactions.

Electron microscopy. Purified VLPs were applied for 2 min onto glow-discharged, carbon-coated
grids (Electron Microscopy Sciences). Excess sample was removed by capillary action, and the grids were
immediately placed on a droplet of 2% uranyl formate for 2 min. Excess stain was removed, and grids
were examined on a Philips CM100 electron microscope (FEI) at 80 kV. Images were acquired with a
Megaview Il charge-coupled-device (CCD) camera (Olympus Soft Imaging Solutions). Spikes were
counted manually from EM images. In addition, a semiautomated approach was taken according to the
procedure of Audrey et al. (42). Briefly, local contrast normalization was applied to the EM images,
followed by contour extraction. The spikes were identified by a local-maximum approach and circled.
Spike count, particle diameter, and minimal spike-spike distances were calculated from these processed
images. The different scripts and images can be provided on request. The resulting images for all VLPs
with contour and spikes detected are available at http://autopack.org/home/hiv_stained.

Computational modeling of virion particles. Virion particles were modeled using cellPACK, an
open-source project (http://cellPACK.org) designed to assemble large-scale models from molecular
building blocks, as previously described (45, 46). With the number of spikes (10, 49, 127, 214, and 330)
and particle size (140 nm) provided as input, cellPACK randomly distributed spikes on the surface of the
spherical particle.

B cell activation assay. WEHI-231 mouse B cells, engineered to express human VRCO1 B cell
receptor (BCR) on the cell surface in the presence of doxycycline (6), were cocultured (5 X 10° cells
per well) with purified VLPs in the presence of 1 ug/ml doxycycline (Sigma). After 24 h, cells were
processed for flow cytometry, as described above, and probed with FITC-conjugated anti-mouse
CD69 and APC-conjugated anti-human Ig kappa light chain (hCk) antibodies (Biolegend). A Ready-
SET-go ELISA (eBioscience) was used for detection of cytokines IL-6 and TNF-« in the supernatants
of cocultured cells.

Neutralization assay. Mixtures of pseudotyped virus or hVLPs and antibody were incubated for 1 h
at 37°C, prior to addition to TZM-bl target cells. After 72 h at 37°C, cells were lysed, Bright-Glo luciferase
reagent (Promega) was added, and luminescence in relative light units (RLU) was measured using an
Orion luminometer (Berthold).

Statistics. Experimental groups were compared using a nonparametric Mann-Whitney U test or
analysis of variance and Bonferroni posttest using GraphPad Prism. Data are represented as means with
standard deviations (*SD).
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